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Abstract 

This article reports world averages for measurements of fr-hadron, c-hadron, and r 
lepton properties obtained by the Heavy Flavor Averaging Group (HFAG) using results 
available at least through the end of 2009. Some of the world averages presented use data 
available through the spring of 2010. For the averaging, common input parameters used 
in the various analyses are adjusted (rescaled) to common values, and known correlations 
are taken into account. The averages include branching fractions, lifetimes, neutral meson 
mixing parameters, CP violation parameters, and parameters of semileptonic decays. 
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1 Introduction 



Flavor dynamics is an important element in understanding the nature of particle physics. The 
accurate knowledge of properties of heavy flavor hadrons, especially b hadrons, plays an essen- 
tial role for determining the elements of the Cabibbo-Kobayashi-Maskawa (CKM) weak-mixing 
matrix [TJ [2]. Since the Belle and BABAR e + e~ B factory experiments began collecting data, 
the size of available B meson samples has dramatically increased, and the accuracies of mea- 
surements have greatly improved. The CDF and D0 experiments at the Fermilab Tevatron 
have also provided important results on B and D meson decays, most notably the discovery of 
B®-B° s mixing, and confirmation of D°-D° mixing. 

The Heavy Flavor Averaging Group (HFAG) was formed in 2002 to continue the activities of 
the LEP Heavy Flavor Steering group [3] . This group was responsible for calculating averages of 
measurements of 6-flavor related quantities. HFAG has evolved since its inception and currently 
consists of seven subgroups: 

• the Ll B Lifetime and Oscillations" subgroup provides averages for 6-hadron lifetimes, b- 
hadron fractions in T(4S) decay and pp collisions, and various parameters governing 
B°-B° and B° s -B° s mixing; 

• the "Unitarity Triangle Parameters" subgroup provides averages for time- dependent CP 
asymmetry parameters and resulting determinations of the angles of the CKM unitarity 
triangle; 

• the "Semileptonic B Decays" subgroup provides averages for inclusive and exclusive B- 
decay branching fractions, and subsequent determinations of the CKM matrix elements 
\V cb \ and |K&|; 

• the U B to Charm Decays" subgroup provides averages of branching fractions for B decays 
to final states involving open charm or charmonium mesons; 

• the "Rare Decays" subgroup provides averages of branching fractions and CP asymmetries 
for charmless, radiative, leptonic, and baryonic B meson decays; 

• the "Charm Physics" subgroup provides averages of branching fractions for D meson 
hadronic and semileptonic decays, properties of excited D** and D sJ mesons, averages 
of D°-D° mixing and CP and T violation parameters, and an average value for the D s 
decay constant f D . 

• the "Tau Physics" subgroup provides documentation and averages for the r lepton mass 
and branching fractions, and documents upper limits for r lepton-flavor-violating decays. 

The "Lifetime and Oscillations" and "Semileptonic" subgroups continue the activities of the 
LEP working groups with some reorganization, i.e., merging four groups into two. The "Uni- 
tary Triangle," "B to Charm Decays," and "Rare Decays" subgroups were formed to provide 
averages for new results obtained from the B factory experiments (and now also from the Fer- 
milab Tevatron experiments). The "Charm" and "Tau" subgroups were formed more recently 
in response to the wealth of new data concerning D and r decays. All subgroups include 
representatives from Belle and BABAR and, when relevant, CLEO, CDF, and D0. 
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This article is an update of the "End of 2007" HFAG preprint [I]. Here we report world 
averages using results available at least through the end of 2009. Averages reported in Chap- 
ters [3] and [8] incorporate results available through the spring of 2010. In general, we use all 
publicly available results that have written documentation. These include preliminary results 
presented at conferences or workshops. However, we do not use preliminary results that remain 
unpublished for an extended period of time, or for which no publication is planned. Close 
contacts have been established between representatives from the experiments and members of 
subgroups that perform averaging to ensure that the data are prepared in a form suitable for 
combinations. 

In the case of obtaining a world average for which x 2 /dof > 1, where dof is the number 
of degrees of freedom in the average calculation, we do not scale the resulting error, as is 
presently done by the Particle Data Group [5]. Rather, we examine the systematics of each 
measurement to better understand them. Unless we find possible systematic discrepancies 
between the measurements, we do not apply any additional correction to the calculated error. 
We provide the confidence level of the fit as an indicator for the consistency of the measurements 
included in the average. In case some special treatment was necessary to calculate an average, 
or if an approximation used in the average calculation may not be good enough (e.g., assuming 
Gaussian errors when the likelihood function indicates non-Gaussian behavior), we include a 
warning message. 

Chapter [2] describes the methodology used for calculating averages. In the averaging proce- 
dure, common input parameters used in the various analyses are adjusted (rescaled) to common 
values, and, where possible, known correlations are taken into account. Chapters [3H9] present 
world average values from each of the subgroups listed above. A brief summary of the averages 
presented is given in Chapter [TUJ A complete listing of the averages and plots are also available 
on the HFAG web site: 

http : / /www . slac . Stanford . edu/xorg/hf ag and 
http://belle.kek.jp/mirror/hfag (KEK mirror site). 

2 Methodology 

The general averaging problem that HFAG faces is to combine information provided by dif- 
ferent measurements of the same parameter to obtain our best estimate of the parameter's 
value and uncertainty. The methodology described here focuses on the problems of combining 
measurements performed with different systematic assumptions and with potentially-correlated 
systematic uncertainties. Our methodology relies on the close involvement of the people per- 
forming the measurements in the averaging process. 

Consider two hypothetical measurements of a parameter x, which might be summarized as 

x — x\ ± 5xi ± Ax^i ± Ax 2 ,i • • • 
x = x 2 ± 5x 2 ± Ax 12 ± Ax 2 ,2 ■ • • , 

where the 5xk are statistical uncertainties, and the Ax^fc are contributions to the systematic 
uncertainty. One popular approach is to combine statistical and systematic uncertainties in 
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quadrature 

x = xi± (5xi © Azi,! © Ax 2 ,i © . . .) 
x = x 2 ± {5x 2 © Ax h2 © Ax 2 , 2 © • • •) 

and then perform a weighted average of X\ and £2, using their combined uncertainties, as if 
they were independent. This approach suffers from two potential problems that we attempt 
to address. First, the values of the Xk may have been obtained using different systematic 
assumptions. For example, different values of the B° lifetime may have been assumed in 
separate measurements of the oscillation frequency Am^. The second potential problem is 
that some contributions of the systematic uncertainty may be correlated between experiments. 
For example, separate measurements of Am^ may both depend on an assumed Monte-Carlo 
branching fraction used to model a common background. 

The problems mentioned above are related since, ideally, any quantity ?/, that Xk depends 
on has a corresponding contribution Ax^ to the systematic error which reflects the uncertainty 
Ayi on yi itself. We assume that this is the case and use the values of y^ and Ayi assumed 
by each measurement explicitly in our averaging (we refer to these values as y^ and Ay^ 
below). Furthermore, since we do not lump all the systematics together, we require that each 
measurement used in an average have a consistent definition of the various contributions to the 
systematic uncertainty. Different analyses often use different decompositions of their systematic 
uncertainties, so achieving consistent definitions for any potentially correlated contributions 
requires close coordination between HFAG and the experiments. In some cases, a group of 
systematic uncertainties must be lumped to obtain a coarser description that is consistent 
between measurements. Systematic uncertainties that are uncorrelated with any other sources 
of uncertainty appearing in an average are lumped with the statistical error, so that the only 
systematic uncertainties treated explicitly are those that are correlated with at least one other 
measurement via a consistently-defined external parameter y^ When asymmetric statistical 
or systematic uncertainties are quoted, we symmetrize them since our combination method 
implicitly assumes parabolic likelihoods for each measurement. 

The fact that a measurement of x is sensitive to the value of yi indicates that, in principle, 
the data used to measure x could equally-well be used for a simultaneous measurement of x and 
yi, as illustrated by the large contour in Fig. [T](a) for a hypothetical measurement. However, 
we often have an external constraint Ayi on the value of yi (represented by the horizontal band 
in Fig. [H(a)) that is more precise than the constraint cr(yi) from our data alone. Ideally, in 
such cases we would perform a simultaneous fit to x and yi, including the external constraint, 
obtaining the filled (x, y) contour and corresponding dashed one-dimensional estimate of x 
shown in Fig. Ufa). Throughout, we assume that the external constraint Ayi on yi is Gaussian. 

In practice, the added technical complexity of a constrained fit with extra free parameters 
is not justified by the small increase in sensitivity, as long as the external constraints Ayi are 
sufficiently precise when compared with the sensitivities aiyji) to each y 4 of the data alone. 
Instead, the usual procedure adopted by the experiments is to perform a baseline fit with all yi 
fixed to nominal values y^, obtaining x = x ±5x. This baseline fit neglects the uncertainty due 
to Ay i} but this error can be mostly recovered by repeating the fit separately for each external 
parameter yi with its value fixed at yi = y^Q + Ayi to obtain x = x^q ± Sx, as illustrated in 
Fig. [lib). The absolute shift, \xi$ — xq\, in the central value of x is what the experiments 
usually quote as their systematic uncertainty Axi on x due to the unknown value of yi. Our 
procedure requires that we know not only the magnitude of this shift but also its sign. In the 



8 




Figure 1: The left-hand plot (a) compares the 68% confidence- level contours of a hypothetical 
measurement's unconstrained (large ellipse) and constrained (filled ellipse) likelihoods, using 
the Gaussian constraint on yj represented by the horizontal band. The solid error bars repre- 
sent the statistical uncertainties a(x) and a^yi) of the unconstrained likelihood. The dashed 
error bar shows the statistical error on x from a constrained simultaneous fit to x and yi. 
The right-hand plot (b) illustrates the method described in the text of performing fits to x 
with y,i fixed at different values. The dashed diagonal line between these fit results has the 
slope p(x,yi)a(yi)/a(x) in the limit of a parabolic unconstrained likelihood. The result of the 
constrained simultaneous fit from (a) is shown as a dashed error bar on x. 
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limit that the unconstrained data is represented by a parabolic likelihood, the signed shift is 
given by 

Axi = p(x,y l )—- Ay t , (1) 

where cr(x) and p(x,yi) are the statistical uncertainty on x and the correlation between x and 
Hi in the unconstrained data. While our procedure is not equivalent to the constrained fit with 
extra parameters, it yields (in the limit of a parabolic unconstrained likelihood) a central value 
xq that agrees to 0(Ayi/a(yi)) 2 and an uncertainty Sx © Axt that agrees to 0{Ayi/ a{y i )) 4: . 

In order to combine two or more measurements that share systematics due to the same 
external parameters yi, we would ideally perform a constrained simultaneous fit of all data 
samples to obtain values of x and each y i: being careful to only apply the constraint on each yi 
once. This is not practical since we generally do not have sufficient information to reconstruct 
the unconstrained likelihoods corresponding to each measurement. Instead, we perform the 
two-step approximate procedure described below. 

Figs.[2](a,b) illustrate two statistically-independent measurements, X\±{bx\@Axi^) andx 2 ± 
(dxi® Axi%), of the same hypothetical quantity x (for simplicity, we only show the contribution 
of a single correlated systematic due to an external parameter y^). As our knowledge of the 
external parameters yi evolves, it is natural that the different measurements of x will assume 
different nominal values and ranges for each y^. The first step of our procedure is to adjust the 
values of each measurement to reflect the current best knowledge of the values y[ and ranges 
Ay[ of the external parameters y iy as illustrated in Figs. [2^c,b). We adjust the central values 
Xk and correlated systematic uncertainties Ax^k linearly for each measurement (indexed by k) 
and each external parameter (indexed by i): 

x 'k = x h + ^2 ^ ~~ ^ 



k 



This procedure is exact in the limit that the unconstrained likelihoods of each measurement is 
parabolic. 

The second step of our procedure is to combine the adjusted measurements, x' k ± (Sx^ © 
Ax' k 1 © Ax' k 2 © . . .) using the chi-square 



k k 
2 



x k - i x + ^(yi-yi)^jr 



E(^) 2 . (4) 



and then minimize this x to obtain the best values of x and yi and their uncertainties, as 
illustrated in Fig. [31 Although this method determines new values for the yi, we do not report 
them since the Ax^ reported by each experiment are generally not intended for this purpose 
(for example, they may represent a conservative upper limit rather than a true reflection of a 
68% confidence level). 

For comparison, the exact method we would perform if we had the unconstrained likelihoods 
Ck(x, y\, y%, . . .) available for each measurement is to minimize the simultaneous constrained 
likelihood 

£ com b(2:, Vi, V2, ■■■) = YI ^(x, y x , y 2 , ) \\ A(jfc) > ( 5 ) 

k i 
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Figure 2: The upper plots (a) and (b) show examples of two individual measurements to be 
combined. The large ellipses represent their unconstrained likelihoods, and the filled ellipses 
represent their constrained likelihoods. Horizontal bands indicate the different assumptions 
about the value and uncertainty of yi used by each measurement. The error bars show the 
results of the approximate method described in the text for obtaining x by performing fits 
with %ji fixed to different values. The lower plots (c) and (d) illustrate the adjustments to 
accommodate updated and consistent knowledge of y^ as described in the text. Open circles 
mark the central values of the unadjusted fits to x with y fixed; these determine the dashed 
line used to obtain the adjusted values. 
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X 



Figure 3: An illustration of the combination of two hypothetical measurements of x using the 
method described in the text. The ellipses represent the unconstrained likelihoods of each 
measurement, and the horizontal band represents the latest knowledge about y, that is used 
to adjust the individual measurements. The filled small ellipse shows the result of the exact 
method using £ com b, and the hollow small ellipse and dot show the result of the approximate 
method using xLmb- 
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with an independent Gaussian external constraint on each y^ 



divi) = exp 



1 / /\ 2 ' 
1 (Vi- Vi 



2 V 



(6) 



The results of this exact method are illustrated by the filled ellipses in Figs. [3]^a,b) and agree 
with our method in the limit that each Ck is parabolic and that each Ay[ <C cr(yi). In the case 
of a non-parabolic unconstrained likelihood, experiments would have to provide a description 
of Ck itself to allow an improved combination. In the case of er(yj) ~ Ay'^ experiments are 
advised to perform a simultaneous measurement of both x and y so that their data will improve 
the world knowledge about y. 

The algorithm described above is used as a default in the averages reported in the following 
sections. For some cases, somewhat simplified or more complex algorithms are used and noted in 
the corresponding sections. Some examples for extensions of the standard method for extracting 
averages are given here. These include the case where measurement errors depend on the 
measured value, i.e. are relative errors, unknown correlation coefficients and the breakdown of 
error sources. 

For measurements with Gaussian errors, the usual estimator for the average of a set of 
measurements is obtained by minimizing the following \ 2 '- 

i 1 

where y^ is the measured value for input % and of is the variance of the distribution from which 
was drawn. The value t of t at minimum x 2 is our estimator for the average. (This discussion is 
given for independent measurements for the sake of simplicity; the generalization to correlated 
measurements is straightforward, and has been used when averaging results.) The true cr, are 
unknown but typically the error as assigned by the experiment af™ is used as an estimator for 
it. Caution is advised, however, in the case where <r[ aw depends on the value measured for y { . 
Examples of this include an uncertainty in any multiplicative factor (like an acceptance) that 
enters the determination of y^ i.e. the \/~N dependence of Poisson statistics, where yi oc N 
and cr.j oc y/N. Failing to account for this type of dependence when averaging leads to a biased 
average. Biases in the average can be avoided (or at least reduced) by minimizing the following 
X 2 : 

In the above (Ji{t) is the uncertainty assigned to input i that includes the assumed dependence 
of the stated error on the value measured. As an example, consider a pure acceptance error, for 
which <Ti(t) = {t/yi) x o"[ aw . It is easily verified that solving Eq. EUeads to the correct behavior, 
namely 

i EiV/frr) 2 

i.e. weighting by the inverse square of the fractional uncertainty, of™ IVi- ft i s sometimes 
difficult to assess the dependence of af™ on t from the errors quoted by experiments. 
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Another issue that needs careful treatment is the question of correlation among different 
measurements, e.g. due to using the same theory for calculating acceptances. A common 
practice is to set the correlation coefficient to unity to indicate full correlation. However, this 
is not a "conservative" thing to do, and can in fact lead to a significantly underestimated 
uncertainty on the average. In the absence of better information, the most conservative choice 
of correlation coefficient between two measurements i and j is the one that maximizes the 
uncertainty on t due to that pair of measurements: 



a? - 1 3 K _^ (q) 

°t(i.i) ~ _2 , _2 r, „ > W 

namely 



Pij = mm — , -i , (10) 

\(Jj a) 

which corresponds to setting = mi 11 ! ^ Setting = 1 when <Ji ^ <jj can lead to a 

significant underestimate of the uncertainty on t, as can be seen from Eq. |9j 

Finally, we carefully consider the various sources of error contributing to the overall uncer- 
tainty of an average. The overall covariance matrix is constructed from a number of individual 
sources, e.g. V = V sta t + V sys + V t h- The variance on the average t can be written 

2 E M (v- 1 [v^at + v sys + Vth] v-% 2 2 2 

°f = Z —T2 = ° stat + Vsys + °th- I 11 ) 

Written in this form, one can readily determine the contribution of each source of uncertainty 
to the overall uncertainty on the average. This breakdown of the uncertainties is used in the 
following sections. 

Following the prescription described above, the central values and errors are rescaled to a 
common set of input parameters in the averaging procedures according to the dependency on 
any of these input parameters. We try to use the most up-to-date values for these common 
inputs and the same values among the HFAG subgroups. For the parameters whose averages 
are produced by HFAG, we use the values in the current update cycle. For other external 
parameters, we use the most recent PDG values available (usually Ref. [S]). The parameters 
and values used are listed in each subgroup section. 
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3 6-hadron production fractions, lifetimes and mixing 
parameters 

Quantities such as 6-hadron production fractions, 6-hadron lifetimes, and neutral I?-meson 
oscillation frequencies have been studied in the nineties at LEP and SLC (e + e~ colliders at 
yfs = mz) as well as at the first version of the Tevatron (pp collider at yfs = 1.8 TeV). 
Since then precise measurements of the B° and B + lifetimes, as well as of the B° oscillation 
frequency, have also been performed at the asymmetric B factories, KEKB and PEPII (e + e~ 
colliders at y/s = m-f(4S)) while measurements related to the other 6-hadrons, in particular B®, 
B+ and A®, are being performed at the upgraded Tevatron (y/s = 1.96 TeV). In most cases, 
these basic quantities, although interesting by themselves, became necessary ingredients for the 
more complicated and refined analyses at the asymmetric B factories and at the Tevatron, in 
particular the time- dependent CP asymmetry measurements. It is therefore important that the 
best experimental values of these quantities continue to be kept up-to-date and improved. 

In several cases, the averages presented in this chapter are needed and used as input for the 
results given in the subsequent chapters. Within this chapter, some averages need the knowledge 
of other averages in a circular way. This coupling, which appears through the 6-hadron fractions 
whenever inclusive or semi-exclusive measurements have to be considered, has been reduced 
significantly in the last several years with increasingly precise exclusive measurements becoming 
available. 

In addition to 6-hadron fractions, lifetimes and mixing parameters, this chapter also deals 
with the CP- violating phase /3 S , which is the phase difference between the B® mixing amplitude 
and the b — > ccs decay amplitude. The angle (3, which is the equivalent of /3 S for the B° system, 
is discussed in Chapter [U 

3.1 6-hadron production fractions 

We consider here the relative fractions of the different 6-hadron species found in an unbiased 
sample of weakly-decaying b hadrons produced under some specific conditions. The knowledge 
of these fractions is useful to characterize the signal composition in inclusive 6-hadron analyses, 
or to predict the background composition in exclusive analyses. Many analyses in B physics 
need these fractions as input. We distinguish here the following three conditions: T(4S) decays, 
T(5S) decays, and high-energy collisions (including Z° decays). 

3.1.1 b-hadron production fractions in Y(4S) decays 

Only pairs of the two lightest (charged and neutral) B mesons can be produced in T(4S) decays, 
and it is enough to determine the following branching fractions: 



./ 



+ 



T(T(4S) ^ B + B-)/T tot (T(4S)) , 
T(T(AS) -> B°B^)/T tot (T(AS)) . 



(12) 
(13) 



f 



oo 



In practice, most analyses measure their ratio 



R + -/°° = f + -/f 00 = T(T(AS) ->• B + B-)/Y(T(AS) B°W) , 



(14) 
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Table 1: Published measurements of the B + /B° production ratio in T(4S) decays, together 
with their average (see text). Systematic uncertainties due to the imperfect knowledge of 
t(B + )/t(B°) are included. The latest BABAR result [6] supersedes the earlier BABAR measure- 
ments [7J IE] . 
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or method 


^>+-/oo f+- J fOO 


of r(B+)/r(B°) 


CLEO, 2001 


M 




1.04 ±0.07 ±0.04 


1.066 ± 0.024 


BABAR, 2002 


m 


(cc)K& 


1.10 ±0.06 ±0.05 


1.062 ±0.029 


CLEO, 2002 


m 


D*lv 


1.058 ±0.084 ±0.136 


1.074 ± 0.028 


Belle, 2003 


[nj 


dilepton events 


1.01 ±0.03 ±0.09 


1.083 ±0.017 


BABAR, 2004 


i 


J/ipK 


1.006 ±0.036 ±0.031 


1.083 ±0.017 


BABAR, 2005 


m 


(cc)K^ 


1.06 ±0.02 ±0.03 


1.086 ±0.017 


Average 






1.052 ± 0.028 (tot) 


1.081 ±0.006 



which is easier to access experimentally. Since an inclusive (but separate) reconstruction of 
B + and B° is difficult, specific exclusive decay modes, B + — > x + and B° — » x°, are usually 
considered to perform a measurement of R + ~~^ 00 , whenever they can be related by isospin 
symmetry (for example B + — > J/i/jK + and B° — > J/ipK°). Under the assumption that T(B + — > 
x + ) = T(B° —7- x°), i.e. that isospin invariance holds in these B decays, the ratio of the number 
of reconstructed B + — > x + and B° — > x° mesons is proportional to 

/+- B(B+ -> x+) _ f+2 T(g + ->• x+) t(B+) _ f + ~ r(B + ) 
f00B(B°^x°) f 00 T(B° -)• x°)t(B°) f 00 r(B°) ' 1 ' 

where r(B + ) and t(B°) are the B + and B° lifetimes respectively. Hence the primary quantity 
measured in these analyses is R A /°° t(B + )/t(B ), and the extraction of with this 

method therefore requires the knowledge of the t(B + )/t(B°) lifetime ratio. 

The published measurements of are listed in Tabled] together with the corresponding 

assumed values of t(B + ) /t(B°). All measurements are based on the above-mentioned method, 
except the one from Belle, which is a by-product of the B° mixing frequency analysis using 
dilepton events (but note that it also assumes isospin invariance, namely T(B + — > £ + X) = 
T(B° — > £ + X)). The latter is therefore treated in a slightly different manner in the following 
procedure used to combine these measurements: 

• each published value of from CLEO and BABAR is first converted back to the 
original measurement of t(B + ) / r(B°), using the value of the lifetime ratio assumed 
in the corresponding analysis; 

• a simple weighted average of these original measurements of t(B + ) /t(B°) from 
CLEO and BABAR (which do not depend on the assumed value of the lifetime ratio) is 
then computed, assuming no statistical or systematic correlations between them; 

• the weighted average of t(B + ) /t(B°) is converted into a value of i? +_// ° , using 
the latest average of the lifetime ratios, t(B + )/t(B°) = 1.081 ± 0.006 (see Sec. 1372731 : 
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• the Belle measurement of R + Z 00 is adjusted to the current values of t(B°) = 1.518 ± 
0.007 ps and t(B + )/t(B°) = 1.081 ± 0.006 (see Sec. ETT3I) . using the quoted systematic 
uncertainties due to these parameters; 

• the combined value of i? +_// ° from CLEO and BABAR is averaged with the adjusted value 
of .R+-/ 00 from Belle, assuming a 100% correlation of the systematic uncertainty due to 
the limited knowledge on t(B + )/t(B°); no other correlation is considered. 

The resulting global average, 

t+- 

R+-/°° = ±_ = 1.052 ±0.028, (16) 

is consistent with an equal production of charged and neutral B mesons, although only at the 
1.9a level. 

On the other hand, the BABAR collaboration has performed a direct measurement of the 
f 00 fraction using a novel method, which does not rely on isospin symmetry nor requires the 
knowledge of t(B + )/t(B°). Its analysis, based on a comparison between the number of events 
where a single B° — > D*~£ + v decay could be reconstructed and the number of events where 
two such decays could be reconstructed, yields [12] 

/ 00 = 0.487 ± 0.010 (stat) ± 0.008 (syst) . (17) 

The two results of Eqs. ffTB"]) and (|17|) are of very different natures and completely indepen- 
dent of each other. Their product is equal to f + ~ = 0.512 ± 0.019, while another combination 
of them gives / + ~ + / 00 = 0.999 ±0.030, compatible with unity. Assuming^ f + ~ + f 00 = 1, also 
consistent with CLEO's observation that the fraction of T(4S) decays to BB pairs is larger 
than 0.96 at 95% CL [H], the results of Eqs. ( TT6|) and (fT7|) can be averaged (first converting 
Eq. (fTBl) into a value of f 00 = 1/ (i? +- / 00 + 1)) to yield the following more precise estimates: 

f+- 

f° = 0.487 ±0.006, f + ~ = 1 - f 00 = 0.513 ±0.006, ^ = 1.052 ± 0.025 . (18) 
The latter ratio differs from one by 2.1cr. 



3.1.2 b-hadron production fractions in Y(5S) decays 

Hadronic events produced in e + e~ collisions at the T(5S) energy can be classified into three 
categories: light-quark (u, d, s, c) continuum events, bb continuum events, and T(5S) events. 
The latter two cannot be distinguished and will be called bb events in the following. These bb 
events, which also include bbj events because of possible initial-state radiation, can hadronize 
in different final states. We define f^f^ as the fraction of bb events with a pair of non-strange 
bottom mesons (final states BB, BB* , B*B, B*B*, BBn, BB*tt, B*Bir, B*B*n, and BBrni, 
where B denotes a B° or B + meson and B denotes a 5° or B~ meson), /J*- 55 ^ as the fraction of 

1 A few non-BB decay modes of the T(4S) (T(lS')7r + 7r~ , T(2S')7r + 7r _ , T(lS)r]) have been observed with 
branching fractions of the order of 10~ 4 13; , corresponding to a partial width several times larger than that in 
the e + e~ channel. However, this can still be neglected and the assumption + J 00 = 1 remains valid in the 
present context of the determination of and / 00 . 
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Table 2: Published measurements of fJ^ 5S \ All values have been obtained assuming fp [ °°' = 0. 
They are quoted as in the original publication, except for the most recent measurement which 
is quoted as 1 — f^f S \ with f^^^ from Ref. [15]. The last line gives our average of fj 

P T(55) 



C T(5S) 



assuming /„ 



0. 



Experiment, year, dataset 
CLEO, 2006, 0.421b" 1 [IS] 


Decay mode or method 

T(5S) -> D S X 

T{hS) ->• 0A 

T(5S) BBX 

CLEO average of above 3 


Valnp of f T ( 55 ) 
vdiue ui j s 

0.168 ±0.026l°:o3l 
0.246 ± 0.029l°:o53 
0.411 ±0.100 ±0.092 
21 +0 - 06 


Belle, 2006, 1.86 fb" 1 pi] 


T{hS) ->• D S X 
T(55) ->• 

Belle average of above 2 


0.179 ±0.014 ±0.041 
0.181 ±0.036 ±0.075 
0.180 ±0.013 ±0.032 


Belle, 2010, 23.6 fb" 1 p2] 


T(55) -»■ BBX 


0.263 ±0.032 ±0.051 


Average of all above after adjustments to inputs of Table [3] 


0.215 ±0.031 



Table 3: External inputs on which the fj ^ averages are based. 

Branching fraction Value Explanation and reference 

B[B D S X) x B{D S 0tt) 0.00374 ± 0.00014 derived from [5] 

B(B° S -> L> S X) 0.92 ± 0.11 model-dependent estimate [18] 

-> 0vr) ' 0.045 ± 0.004 [5] 

B(S -> D°X) x Sp -> Xtt) 0.0243 ± 0.0011 derived from [5] 

B(B° S -> L>°X) 0.08 ± 0.07 model-dependent estimate PH 

B(D° ^ Kn) 0.0389 ± 0.0005 [5] 

B(S <j>X) 0.0343 ± 0.0012 world average US] 

(j)X) 0.161 ± 0.024 model-dependent estimate pi] 



66 events with a pair of strange bottom mesons (final states B®B S} B° S B S , B®*B S} and B®*B S ), 
and fp^ 5 ^ as the fraction of 66 events without bottom meson in the final state. Note that the 
excited bottom-meson states decay via B* — > B'-f and B®* — > B®j. These fractions satisfy 

C s) + fl {5S) + f r / s) = 1 - ( 19 ) 

The CLEO and Belle collaborations have published in 2006 measurements of several inclu- 
sive T(5S) branching fractions, B(T(5S) D S X), B(T(bS) <j>X) and B(T(BS) ->■ D°X), 
from which they extracted the model-dependent estimates of /J 1 ' 55 '' reported in Table [2j This 
extraction was performed under the implicit assumption = 0, using the relation 

\B{T{hS) D S X) = fj^ x B(B° S D S X) + (l - fj^ - /J (5S) ) x D S X) , (20) 

and similar relations for B(T(5S) D°X) and B{T(5S) -»■ We list also in Tabled the 
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values of /J ^ derived from measurements of f^f^ = B(T(5S) — > BBX) [161, US] , as well as 
our average value of fI^ 5S \ all obtained under the assumption f^ 5S ^ = 0. 

Since the observation of T(5S) decays to final states without bottom hadrons [19], the 
assumption /^ 5S ' ) = is no longer valid. We therefore perform a x 2 fit of the original mea- 
surements of the T(5S) branching fractions of Refs. [HI [T71 [15], using the inputs of Table |3] 
and the constraints of Eqs. (|T9|) and (|20|) . to simultaneously extract f^d^-, f^^^ an d f^ 5 ^- 
Taking all known correlations into account, the best fit values are 

fl^ s) = 0.763 ±0.046, (21) 
/J {55) = 0.202 ±0.036, (22) 
/J (55) = 0.035 ±0.057. (23) 

The T(5S) resonance has been observed to decay to T(1S)ti + it~ , T(2S)n + n^ , T(3S)n + n^ 
and T(1S)K + K~ final states (THJ. The sum of these measured branching fractions, adding 
also the contribution of the r(lS)7r°7r°, r(2S)vr 7r°, T(3S)tt 7t and T(1S)K°K° final states 
assuming isospin conservation, amounts to 

B(T(5S) T(nS)hh) = 0.028 ± 0.003 , for n = 1, 2, 3 and h = vr, K , 

which represents a lower bound for ■ Our central value of Eq. (|23|) is indeed larger than 

this bound. 

The production of B° s mesons at the T(5S) is observed to be dominated by the B°*B S 

channel, with a{e + e~ B° s *B°*)/cx{e + e- B^B ^) = (90.1^ ± 0.2)% [20j. The pro- 
portion of the various production channels for non-strange B mesons have also been recently 
measured 



3.1.3 b-hadron production fractions at high energy 

At high energy, all species of weakly-decaying b hadrons can be produced, either directly or in 
strong and electromagnetic decays of excited b hadrons. It is often assumed that the fractions 
of these different species are the same in unbiased samples of high-px b jets originating from Z° 
decays or from pp collisions at the Tevatron. This hypothesis is plausible considering that, in 
both cases, the last step of the jet hadronization is a non-perturbative QCD process occurring at 
the scale of ^Iqcd- On the other hand, there is no strong argument to claim that these fractions 
should be strictly equal, so this assumption should be checked experimentally. Although the 
available data is not sufficient at this time to perform a significant check, it is expected that 
more data from Tevatron Run II may improve this situation and allow one to confirm or disprove 
this assumption with reasonable confidence. Meanwhile, the attitude adopted here is that these 
fractions are assumed to be equal at all high-energy colliders until demonstrated otherwise by 
experiment^] However, as explained below, the measurements performed at LEP and at the 
Tevatron show discrepancies. Therefore we present three sets of averages: one set including 
only measurements performed at LEP, a second set including only measurements performed at 
the Tevatron, and a third set including measurements performed at both LEP and Tevatron. 



2 It is likely that the 6-hadron fractions in low-px jets at a hadronic machine be different; in particular, 
beam-remnant effects may enhance the &-baryon production. 
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Contrary to what happens in the charm sector where the fractions of D + and D° are 
different, the relative amount of B + and B° is not affected by the electromagnetic decays of 
excited B + * and B°* states and strong decays of excited B + ** and B ** states. Decays of the 
type B®** — > B^K also contribute to the B + and B° rates, but with the same magnitude if 
mass effects can be neglected. We therefore assume equal production of B + and B°. We also 
neglect the production of weakly-decaying states made of several heavy quarks (like B+ and 
other heavy baryons) which is known to be very small. Hence, for the purpose of determining 
the 6-hadron fractions, we use the constraints 

f u = f d and f u + fd + fs + /baryon = 1 , (24) 

where f u , fd, f s and /baryon are the unbiased fractions of B + , B°, B® and b baryons, respectively. 

The LEP experiments have measured f s x B(B° S -> D~£ + u e X) [21J, B(b A° b ) x B(A° b 
A+£~i7 e X) [221 123] and B(b -> E b ) x B(5 b ->■ S~£-V e X) HQ [230 from partially reconstructed 
final states including a lepton, /baryon from protons identified in b events [27], and the production 
rate of charged b hadrons [28]. The various 6-hadron fractions have also been measured at CDF 
using lepton-charm final states [291 EDI l3T]H and double semileptonic decays with K*fj,fM and 
(ftfifi final states [32] . Recent measurements of heavy flavor baryon production at the Tevatron 
are included in the determination of /baryon [331 ES I35]FI using the constraint 

/baryon = f A b + fs° + f S b + fn~ 

= fA b (l + 2 f -f^ + f -f], (25) 

V J At JA b J 

where isospin invariance is assumed in the production of and 3^. Other b baryons are 
expected to decay strongly or electromagnetically to those baryons listed. For the production 
measurements, both CDF and D0 reconstruct their b baryons exclusively to final states which 
include a J/ip and a hyperon (A b — > J/ipA, S b ~ — > J/ipS~ and Q b — > J/ip{l~). We assume 
that the partial decay width of a b baryon to a J/ip and the corresponding hyperon is equal to 
the partial width of any other b baryon to a J/ip and the corresponding hyperon. 

All these published results have been combined following the procedure and assumptions 
described in [3J, to yield f u = fd = 0.405 ±0.012, f s = 0.100 ±0.017 and / baryon = 0.089 ±0.022 
under the constraints of Eq. fl24|) . Following the PDG prescription, we have scaled the combined 
uncertainties on these fractions by 1.4 to account for slight discrepancies in the input data. 
Repeating the combinations, we obtain f u — f d — 0.407 ± 0.009, f s = 0.087 ± 0.014 and 
/baryon = 0.099 ± 0.016 when using the LEP data only, and f u = f d = 0.322 ± 0.032, f s = 
0.094 ± 0.016 /baryon = 0.262 ± 0.073 when using the Tevatron data only. When the Tevatron 
and LEP data are separated, we find no need to scale the uncertainties of either combination. 
For these combinations other external inputs are used, e.g. the branching ratios of B mesons 
to final states with a D, D* or D** in semileptonic decays, which are needed to evaluate the 
fraction of semileptonic B° s decays with a D~ in the final state. 

3 The DELPHI result of Ref. [25] is considered to supersede an older one [26] . 

4 CDF updated their measurement of /baryon / fd [29 to account for a measured pt dependence between 
exclusively reconstructed Ab and B° [31] . 

5 D0 reports f n - / f E - . We use the CDF+D0 average of f E - / fA b to obtain f Q - / fA b and then combine with 
the CDF result. 
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Table 4: Time-integrated mixing probability % (defined in Eq. (1261) ). and fractions of the 
different 6-hadron species in an unbiased sample of weakly-decaying b hadrons, obtained from 
both direct and mixing measurements. The last column includes measurements performed at 
both LEP and Tevatron. 



Quantity 


in Z decays 


at Tevatron 


combined 


Mixing probability x 


0.1259 ± 0.0042 


0.147 ±0.011 


0.1284 ±0.0069 


B + or B° fraction f u = f d 


0.403 ± 0.009 


0.339 ±0.031 


0.404 ±0.012 


B° s fraction f s 


0.103 ±0.009 


0.111 ±0.014 


0.109 ±0.012 


6-baryon fraction /baryon 


0.090 ±0.015 


0.211 ±0.069 


0.083 ±0.020 


Correlation between f s and /„ = fd 


-0.523 


±0.426 


-0.475 


Correlation between /baryon and = fd 


-0.870 


-0.984 


-0.854 


Correlation between /baryon and f s 


±0.035 


-0.582 


-0.053 



Time-integrated mixing analyses performed with lepton pairs from bb events produced at 
high-energy colliders measure the quantity 

X = fd Xd ± f 8 Xs , (26) 

where f' d and f' s are the fractions of B° and B° s hadrons in a sample of semileptonic 6-hadron 
decays, and where Xd and Xs are the B° and B° s time-integrated mixing probabilities. Assuming 
that all b hadrons have the same semileptonic decay width implies f[ = fiRi, where Ri = Ti/r^ 
is the ratio of the lifetime Tj of species i to the average 6-hadron lifetime t& = £V f^. Hence 
measurements of the mixing probabilities % Xd and Xs can be used to improve our knowledge 
°f fu, fd, fs and /baryon- in practice, the above relations yield another determination of f s 
obtained from /baryon and mixing information, 

, _ 1 (1 ± r)x ~ (1 ~ /baryon#baryon)Xd / 9? x 

R s {l + r)Xs-Xd 

where r = R u /R d = t(B+)/t(B°). 

The published measurements of x performed by the LEP experiments have been combined 
by the LEP Electroweak Working Group to yield x = 0.1259 ± 0.0042 [36J. This can be 
compared with the Tevatron average, x = 0.147 ± 0.011, obtained from a CDF measurement 
with Run I data [37] and from a recent D0 measurement with Run II data [3B] • The two averages 
deviate from each other by 1.8 a; this could be an indication that the production fractions of 
b hadrons at the Z peak or at the Tevatron are not the same. Although this discrepancy is 
not very significant it should be carefully monitored in the future. We choose to combine these 
two results in a simple weighted average, assuming no correlations, and, following the PDG 
prescription, we multiply the combined uncertainty by 1.8 to account for the discrepancy. Our 
world average is then x — 0.1284 ± 0.0069. 

Introducing the x average in Eq. (1271) . together with our world average Xd = 0.1864±0.0022 
(see Eq. of Sec. BII) . the assumption Xs = 1/2 (justified by Eq. fTl22]) in Sec. 1512) . the 
best knowledge of the lifetimes (see Sec. 13. 2j) and the estimate of /baryon given above, yields 
f s = 0.120 ±0.019 (or f s = 0.116 ±0.012 using only LEP data, or f s = 0.172 ±0.031 using only 
Tevatron data), an estimate dominated by the mixing information. Taking into account all 
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known correlations (including the one introduced by /baryon); this result is then combined with 
the set of fractions obtained from direct measurements (given above), to yield the improved 
estimates of Table HJ still under the constraints of Eq. ( I2^|) rl As can be seen, our knowledge on 
the mixing parameters substantially reduces the uncertainty on f s , and this even in the case of 
the world averages where a rather strong deweighting was introduced in the computation of % 
It should be noted that the results are correlated, as indicated in Table HI 

3.2 6-hadron lifetimes 

In the spectator model the decay of 6-flavored hadrons Hb is governed entirely by the flavor 
changing b — > Wq transition (q = c,u). For this very reason, lifetimes of all fc-flavored hadrons 
are the same in the spectator approximation regardless of the (spectator) quark content of the 
Hb- In the early 1990's experiments became sophisticated enough to start seeing the differences 
of the lifetimes among various Hb species. The first theoretical calculations of the spectator 
quark effects on Hb lifetime emerged only few years earlier. 

Currently, most of such calculations are performed in the framework of the Heavy Quark 
Expansion, HQE. In the HQE, under certain assumptions (most important of which is that of 
quark-hadron duality), the decay rate of an Hb to an inclusive final state / is expressed as the 
sum of a series of expectation values of operators of increasing dimension, multiplied by the 
correspondingly higher powers of Aq C D/ m b'- 



where \CKM\ 2 is the relevant combination of the CKM matrix elements. Coefficients c„ of 
this expansion, known as Operator Product Expansion [39], can be calculated perturbatively. 
Hence, the HQE predicts Tn b -^f in the form of an expansion in both and a s (m&). The 

precision of current experiments makes it mandatory to go to the next-to-leading order in QCD, 
i.e. to include correction of the order of a s (mj) to the c^'s. All non-perturbative physics is 
shifted into the expectation values {H b \O n \H b ) of operators O n . These can be calculated using 
lattice QCD or QCD sum rules, or can be related to other observables via the HQE [ID] . One 
may reasonably expect that powers of ^QCDA^b provide enough suppression that only the first 
few terms of the sum in Eq. (1281) matter. 

Theoretical predictions are usually made for the ratios of the lifetimes (with r(B°) chosen 
as the common denominator) rather than for the individual lifetimes, for this allows several 
uncertainties to cancel. The precision of the current HQE calculations (see Refs. [^TlH2lH3] for 
the latest updates) is in some instances already surpassed by the measurements, e.g. in the case 
of t(B + )/t(B°). Also, HQE calculations are not assumption-free. More accurate predictions 
are a matter of progress in the evaluation of the non-perturbative hadronic matrix elements 
and verifying the assumptions that the calculations are based upon. However, the HQE, even 
in its present shape, draws a number of important conclusions, which are in agreement with 
experimental observations: 

6 The combined value of /baryon is smaller than the results from either LEP or Tevatron separately. This 
seemingly surprising result arises from the smaller uncertainties on the other fractions and the application of 
the unitarity constraint of Eq. (|24|) . 




(28) 



n 
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• The heavier the mass of the heavy quark the smaller is the variation in the lifetimes among 
different hadrons containing this quark, which is to say that as m;, — » oo we retrieve the 
spectator picture in which the lifetimes of all H b s are the same. This is well illustrated by 
the fact that lifetimes are rather similar in the b sector, while they differ by large factors 
in the c sector (m c <m b ). 

• The non-perturbative corrections arise only at the order of ylq CD /m^, which translates 
into differences among H b lifetimes of only a few percent. 

• It is only the difference between meson and baryon lifetimes that appears at the A^ CB /m1 
level. The splitting of the meson lifetimes occurs at the ^qcd/ 777 ! level, yet it is enhanced 
by a phase space factor 16n 2 with respect to the leading free b decay. 

To ensure that certain sources of systematic uncertainty cancel, lifetime analyses are some- 
times designed to measure a ratio of lifetimes. However, because of the differences in decay 
topologies, abundance (or lack thereof) of decays of a certain kind, etc., measurements of the in- 
dividual lifetimes are more common. In the following section we review the most common types 
of the lifetime measurements. This discussion is followed by the presentation of the averaging 
of the various lifetime measurements, each with a brief description of its particularities. 

3.2.1 Lifetime measurements, uncertainties and correlations 

In most cases lifetime of an H b is estimated from a flight distance and a ^7 factor which is used 
to convert the geometrical distance into the proper decay time. Methods of accessing lifetime 
information can roughly be divided in the following five categories: 

1. Inclusive (flavor-blind) measurements. These measurements are aimed at extract- 
ing the lifetime from a mixture of 6-hadron decays, without distinguishing the decaying 
species. Often the knowledge of the mixture composition is limited, which makes these 
measurements experiment-specific. Also, these measurements have to rely on Monte Carlo 
for estimating the ^7 factor, because the decaying hadrons are not fully reconstructed. 
On the bright side, these usually are the largest statistics 6-hadron lifetime measurements 
that are accessible to a given experiment, and can, therefore, serve as an important per- 
formance benchmark. 

2. Measurements in semileptonic decays of a specific H b . W from b — > Wc pro- 
duces iv\ pair (I = e, u) in about 21% of the cases. Electron or muon from such decays is 
usually a well-detected signature, which provides for clean and efficient trigger, c quark 
from b — > Wc transition and the other quark(s) making up the decaying H b combine into 
a charm hadron, which is reconstructed in one or more exclusive decay channels. Know- 
ing what this charmed hadron is allows one to separate, at least statistically, different H b 
species. The advantage of these measurements is in statistics, which usually is superior 
to that of the exclusively reconstructed H b decays. Some of the main disadvantages are 
related to the difficulty of estimating lepton+charm sample composition and Monte Carlo 
reliance for the ^7 factor estimate. 

3. Measurements in exclusively reconstructed hadronic decays. These have the ad- 
vantage of complete reconstruction of decaying H b , which allows one to infer the decaying 
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species as well as to perform precise measurement of the /?7 factor. Both lead to gener- 
ally smaller systematic uncertainties than in the above two categories. The downsides are 
smaller branching ratios, larger combinatoric backgrounds, especially in Hb — > H c 7t(tt7t) 
and multi-body H c decays, or in a hadron collider environment with non-trivial under- 
lying event. H b — > J/ipH s are relatively clean and easy to trigger on J/tj) — > but 
their branching fraction is only about 1%. 

4. Measurements at asymmetric B factories. 

In the T(4S) — > BB decay, the B mesons (B + or B°) are essentially at rest in the T(4S) 
frame. This makes direct lifetime measurements impossible in experiments at symmetric 
colliders producing T(4S) at rest. At asymmetric B factories the T(4S) meson is boosted 
resulting in B and B moving nearly parallel to each other with the same boost. The 
lifetime is inferred from the distance Az separating the B and B decay vertices along the 
beam axis and from the T(4S) boost known from the beam energies. This boost is equal 
to /?7 ~ 0.55 (0.43) in the BABAR (Belle) experiment, resulting in an average B decay 
length of approximately 250 (190) /zm. 

In order to determine the charge of the B mesons in each event, one of the them is fully 
reconstructed in a semileptonic or hadronic decay mode. The other B is typically not 
fully reconstructed, only the position of its decay vertex is determined from the remaining 
tracks in the event. These measurements benefit from large statistics, but suffer from poor 
proper time resolution, comparable to the B lifetime itself. This resolution is dominated 
by the uncertainty on the decay vertices, which is typically 50 (100) um for a fully 
(partially) reconstructed B meson. With very large future statistics, the resolution and 
purity could be improved (and hence the systematics reduced) by fully reconstructing 
both B mesons in the event. 

5. Direct measurement of lifetime ratios. This method has so far been only applied 
in the measurement of t(B + )/t(B°). The ratio of the lifetimes is extracted from the 
dependence of the observed relative number of B + and B° candidates (both reconstructed 
in semileptonic decays) on the proper decay time. 

In some of the latest analyses, measurements of two (e.g. t(B + ) and t(B + )/t(B )) or three 
(e.g. t(B + ), t(B + )/t(B°), and AmJ quantities are combined. This introduces correlations 
among measurements. Another source of correlations among the measurements are the sys- 
tematic effects, which could be common to an experiment or to an analysis technique across 
the experiments. When calculating the averages, such correlations are taken into account per 
general procedure, described in Ref. |4"4] . 

3.2.2 Inclusive b-hadron lifetimes 

The inclusive b hadron lifetime is defined as r b = J2i fi T i where are the individual species 
lifetimes and fi are the fractions of the various species present in an unbiased sample of weakly- 
decaying b hadrons produced at a high-energy collider^ This quantity is certainly less fun- 
damental than the lifetimes of the individual species, the latter being much more useful in 

7 In principle such a quantity could be slightly different in Z decays and at the Tevatron, in case the fractions 
of 6-hadron species are not exactly the same; see the discussion in Sec. 13.1.31 
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Table 5: Measurements of average 6-hadron lifetimes. 



Experiment Method 


Data set 


n (ps) 


Ref. 


ALEPH 


Dipole 


91 


1.511 ±0.022 ±0.078 




DELPHI 


All track i.p. (2D) 


91-92 


1.542 ±0.021 ±0.045 




DELPHI 


Sec. vtx 


91-93 


1.582 ±0.011 ±0.027 


HZ] a 


DELPHI 


Sec. vtx 


94-95 


1.570 ±0.005 ±0.008 


1481 


L3 


Sec. vtx + i.p. 


91-94 


1.556 ±0.010 ±0.017 


H9] b 


OPAL 


Sec. vtx 


91-94 


1.611 ± 0.010 ± 0.027 


m 


qt r> 

O-L-U 


Sec. vtx 


93 


1.564 ± 0.030 ± 0.036 


[ r i 


1\ VCl CLgC 


Q£>t 1 I It \TC*vi~ £*~V \ 




l.oi z ± u.uuy 




ALEPH 


Lepton i.p. (3D) 


y i— 90 


l.ooo ± U.Ulo ± u.uzz 


|oz] 


L3 


Lepton i.p. (2D) 


91-94 


1.544 ±0.016 ±0.021 


@9] b 


OPAL 


Lepton i.p. (2D) 


90-91 


1.523 ±0.034 ±0.038 


[53J 


Average 


set 2 (b -> t) 




1.537 ±0.020 




CDF1 


J/ip vtx 


92-95 


1.533 ±0.0151^ 


[53] 


Average 


of all above 




1.568 ±0.009 





a The combined DELPHI result quoted in [47] is 1.575 ± 0.010 ± 0.026 ps. 
b The combined L3 result quoted in g5] is 1.549 ± 0.009 ± 0.015 ps. 



comparisons of the measurements with the theoretical predictions. Nonetheless, we perform 
the averaging of the inclusive lifetime measurements for completeness as well as for the reason 
that they might be of interest as "technical numbers." 

In practice, an unbiased measurement of the inclusive lifetime is difficult to achieve, because 
it would imply an efficiency which is guaranteed to be the same across species. So most of the 
measurements are biased. In an attempt to group analyses which are expected to select the 
same mixture of b hadrons, the available results (given in Table |5]) are divided into the following 
three sets: 

1. measurements at LEP and SLD that accept any 6-hadron decay, based on topological 
reconstruction (secondary vertex or track impact parameters); 

2. measurements at LEP based on the identification of a lepton from a b decay; and 

3. measurements at the Tevatron based on inclusive — > J/ipX reconstruction, where the 
J/ip is fully reconstructed. 

The measurements of the first set are generally considered as estimates of u, although the 
efficiency to reconstruct a secondary vertex most probably depends, in an analysis-specific way, 
on the number of tracks coming from the vertex, thereby depending on the type of the 
Even though these efficiency variations can in principle be accounted for using Monte Carlo 
simulations (which inevitably contain assumptions on branching fractions), the Hb mixture in 
that case can remain somewhat ill-defined and could be slightly different among analyses in 
this set. 

On the contrary, the mixtures corresponding to the other two sets of measurements are 
better defined in the limit where the reconstruction and selection efficiency of a lepton or a J/ip 
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from an Hf, does not depend on the decaying hadron type. These mixtures are given by the 
production fractions and the inclusive branching fractions for each Hb species to give a lepton 
or a J/i/i. In particular, under the assumption that all b hadrons have the same semileptonic 
decay width, the analyses of the second set should measure r(b —>•€) = fi T i) I '(X^ fi T i) 
which is necessarily larger than Tj, if lifetime differences exist. Given the present knowledge on 
Tj and fi, rib —)■£) — r b is expected to be of the order of 0.01 ps. 

Measurements by SLC and LEP experiments are subject to a number of common systematic 
uncertainties, such as those due to (lack of knowledge of) b and c fragmentation, b and c decay 
models, B[B -> £), B(B — > c — > £), B(c — > £), t c , and decay multiplicity. In the averaging, 
these systematic uncertainties are assumed to be 100% correlated. The averages for the sets 
defined above (also given in Table [5]) are 



whereas an average of all measurements, ignoring mixture differences, yields 1.568 ± 0.009 ps. 
3.2.3 B° and B + lifetimes and their ratio 

After a number of years of dominating these averages the LEP experiments yielded the scene 
to the asymmetric B factories and the Tevatron experiments. The B factories have been very 
successful in utilizing their potential - in only a few years of running, BABAR and, to a greater 
extent, Belle, have struck a balance between the statistical and the systematic uncertainties, 
with both being close to (or even better than) the impressive 1%. In the meanwhile, CDF 
and D0 have emerged as significant contributors to the field as the Tevatron Run II data 
flowed in. Both appear to enjoy relatively small systematic effects, and while current statistical 
uncertainties of their measurements are factors of 2 to 4 larger than those of their 5-factory 
counterparts, both Tevatron experiments stand to increase their samples by almost an order of 
magnitude. 

At present time we are in an interesting position of having three sets of measurements (from 
LEP/SLC, B factories and the Tevatron) that originate from different environments, obtained 
using substantially different techniques and are precise enough for incisive comparison. 

The averaging of t(B + ), t(B°) and t(B + )/t(B°) measurements is summarized in TablesEl 
d and [H For t(B + )/t(B°) we averaged only the measurements of this quantity provided by 
experiments rather than using all available knowledge, which would have included, for example, 
t(B + ) and r(B°) measurements which did not contribute to any of the ratio measurements. 

The following sources of correlated (within experiment /machine) systematic uncertainties 
have been considered: 

• for SLC/LEP measurements - D** branching ratio uncertainties [3], momentum esti- 
mation of b mesons from Z° decays (6-quark fragmentation parameter (Xe) = 0.702 ± 
0.008 [3j), B® and b baryon lifetimes (see Sees. 13.2.41 and !3. 2. 61) . and 6-hadron fractions at 
high energy (see Table Hj) ; 

• for BABAR measurements - alignment, z scale, PEP-II boost, sample composition (where 



r(b vertex) 
r(b ->• £) 
r(6 -> J/V>) 




1.572 ±0.009 ps, 
1.537 ±0.020 ps, 



(29) 
(30) 
(31) 



applicable); 
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Table 6: Measurements of the -B lifetime. 



Experiment 


Method 


Data set 


r(B») (ps) 


Ref. 


ALEPH 


£)(*)£ 


91- 


-95 


1.518 ±0.053 ±0.034 


m 


ALEPH 


Exclusive 


91- 


-94 


1.25+°-^ ± 0.05 


[56j 


ALEPH 


Partial rec. 7r + 7r~ 


91- 


-94 


1 4Q+0.17+0.08 


[56J 


DELPHI 


£)(*)£ 


91- 


-93 


1.6li^±0.08 


m\ 


DELPHI 


Charge sec. vtx 


91- 


-93 


1.63 ±0.14 ±0.13 


[58] 


DELPHI 


Inclusive D*£ 


91- 


-93 


1.532 ±0.041 ±0.040 


[59] 


DELPHI 


Charge sec. vtx 


94- 


-95 


1.531 ±0.021 ±0.031 


[48j 


L3 


Charge sec. vtx 


94- 


-95 


1.52 ±0.06 ±0.04 


[60j 


OPAL 




91- 


-93 


1.53 ±0.12 ±0.08 


1611 


OPAL 


Charge sec. vtx 


93- 


-95 


1.523 ±0.057 ±0.053 


[62] 


OPAL 


Inclusive D*£ 


91- 


-00 


1.541 ±0.028 ±0.023 


[63] 


SLD 


Charge sec. vtx £ 


93- 


-95 


1.56l^±0.10 


[64] a 


SLD 


Charge sec. vtx 


93- 


-95 


1.66 ±0.08 ±0.08 


[M] a 


CDF1 


£)(*)£ 


92- 


-95 


1.474 ± 0.0391^ 


m 


CDF1 


Excl. J/ipK*° 


92- 


-95 


1.497 ±0.073 ±0.032 


[SS] 


CDF2 


Incl. D^£ 


02- 


-04 


1.473 ± 0.036 ± 0.054 


[nz] p 


CDF2 


Excl. D-(3)n 


02- 


-04 


1.511 ±0.023 ±0.013 




CDF2 


Excl. J/ipKs, J/?pK* 


02- 


-09 


1.507 ±0.010 ±0.008 


[69] p 


DO 


Excl. J/ipK*° 


03- 


-07 


1.414 ±0.018 ±0.034 


W\ 


DO 


Excl. J/ipK s 


02- 


-06 


1.5011{j;{#£ ±0.050 


[71\ 


BABAR 


Exclusive 


99- 


-00 


1.546 ±0.032 ±0.022 


[72\ 


babar 


Inclusive D*£ 


99- 


-01 


1.529 ±0.012 ±0.029 


[73\ 


BABAR 


Exclusive D*£ 


99- 


-02 


1.5231Hm ± °- 022 


m 


BABAR 


Incl. D*n, D*p 


99- 


-01 


1.533 ±0.034 ±0.038 




BABAR 


Inclusive D*l 


99- 


-04 


1.504 d= 0.013±g;8il 


[76j 


Belle 


Exclusive 


00- 


-03 


1.534 ±0.008 ±0.010 


mi 


Average 








1.518 ±0.007 





The combined SLD result quoted in [51] is 1.64 ± 0.08 ± 0.08 ps. 
Preliminary. 



• for DO and CDF Run II measurements - alignment (separately within each experiment). 
The resultant averages are: 

r(B°) = 1.518 ± 0.007 ps, (32) 
t(B + ) = 1.641 ±0.008 ps, (33) 
t(B + )/t(B°) = 1.081 ±0.006. (34) 

3.2.4 B° lifetime 

Similar to the kaon system, neutral B mesons contain short- and long-lived components, since 
the light (L) and heavy (H) eigenstates, B L and B^, differ not only in their masses, but also in 
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Table 7: Measurements of the P + lifetime. 



Experiment 


Method 


Data set 


t(B+) (ps) 


Ref. 


ALEPH 


DW£ 


91- 


-95 


1.648 ± 0.049 ± 0.035 


[55] 


ALEPH 


Exclusive 


91- 


-94 


1 co+0.21+0.04 

^"-o.is-o.os 


[56] 


DELPHI 


D(*)£ 


91- 


-93 


1.61 ±0.16 ±0.12 


[S7] a 


DELPHI 


Charge sec. vtx 


91- 


-93 


1.72 ±0.08 ±0.06 


[SS] a 


DELPHI 


Charge sec. vtx 


94- 


-95 


1.624 ±0.014 ±0.018 


US] 


L3 


Charge sec. vtx 


94- 


-95 


1.66 ±0.06 ±0.03 


[60] 


OPAL 


D(*)£ 


91- 


-93 


1.52 ±0.14 ±0.09 


jSU 


OPAL 


Charge sec. vtx 


93- 


-95 


1.643 ±0.037 ±0.025 


[62] 


SLD 


Charge sec. vtx £ 


93- 


-95 


i.6i±o:ii ± 0.07 


ie4j 6 


SLD 


Charge sec. vtx 


93- 


-95 


1.67 ±0.07 ±0.06 


[M] & 


CDF1 




92- 


-95 


1.637 ±0.058+°;°^ 


[S5] 


CDF1 


Excl. J/tpK 


92- 


-95 


1.636 ± 0.058 ± 0.025 


[66] 


CDF2 


Excl. J/ipK 


02- 


-09 


1.639 ±0.009 ±0.009 


[69f 


CDF2 


Incl. D°£ 


02- 


-04 


1.653 ± 0.029+°;^f 


[67p 


CDF2 


Excl. P°tt 


02- 


-06 


1.662 ±0.023 ±0.015 


HH] P 


BABM 


Exclusive 


99- 


-00 


1.673 ±0.032 ±0.023 




Belle 


Exclusive 


00- 


-03 


1.635 ±0.011 ±0.011 




Average 








1.641 ±0.008 





a The combined DELPHI result quoted in [55] is 1.70 ± 0.09 ps. 
b The combined SLD result quoted in [H] is 1.66 ± 0.06 ± 0.05 ps. 
p Preliminary. 



their widths with Ar = Tl — Th- In the case of the B° s system, AT S can be particularly large. 
The current theoretical prediction in the Standard Model for the fractional width difference is 
Ar s = 0.096 ± 0.039 [801 EE], where T s = (T L + T u )/2. Specific measurements of Ar s and T s 
are explained in Sec. 13.3.21 but the result for T s is quoted here. 

Neglecting CP violation in B® — B° s mixing, which is expected to be small [SDl EI] , the B® 
mass eigenstates are also CP eigenstates. In the Standard Model assuming no CP violation in 
the B® system, T L is the width of the CP-even state and Th the width of the CP-odd state. 
Final states can be decomposed into CP-even and CP-odd components, each with a different 
lifetime. 

In view of a possibly substantial width difference, and the fact that various decay channels 
will have different proportions of the Pl and Ph eigenstates, the straight average of all available 
P° lifetime measurements is rather ill-defined. Therefore, the P|? lifetime measurements are 
broken down into four categories and averaged separately. 

• Flavor- specific decays, such as semileptonic B s — > D s £v or B s — > D s tt, will have equal 
fractions of Pl and Ph at time zero, where tl = l/IY is expected to be the shorter-lived 
component and th = 1/Ph expected to be the longer-lived component. A superposition 
of two exponentials thus results with decay widths T s ± Ar s /2. Fitting to a single 
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Table 8: Measurements of the ratio t(B + )/t(B°). 



Experiment 


Method 


Data set 


Ratio t(B + )/t(B°) 


Ref. 


ALEPH 




91- 


-95 


1.085 ±0.059 ±0.018 


[55] 


ALEPH 


Exclusive 


91- 


-94 


i 97+0.23+0.03 
J--^ ' —0.19—0.02 


[56] 


DELPHI 


£)(*)£ 


91- 


-93 


1.001°;^ ±0.10 


[57] 


DELPHI 


Charge sec. vtx 


91- 


-93 


l-06±g;i? ±0.10 


[58] 


DELPHI 


Charge sec. vtx 


94- 


-95 


1.060 ± 0.021 ± 0.024 


0H] 


L3 


Charge sec. vtx 


94- 


-95 


1.09 ±0.07 ±0.03 


[60J 


OPAL 


£)(*)£ 


91- 


-93 


0.99 ±0.14+°;^ 


[61j 


OPAL 


Charge sec. vtx 


93- 


-95 


1.079 ±0.064 ±0.041 


m 


SLD 


Charge sec. vtx £ 


93- 


-95 


i.03±g:J2 ± o.o9 


[M] a 


SLD 


Charge sec. vtx 


93- 


-95 


1.01+Hi ± 0.05 


[M] Q 


CDF1 


£.(*)£ 


92- 


-95 


1.110 ±0.056^1 


[65] 


CDF1 


Excl. J/ipK 


92- 


-95 


1.093 ±0.066 ±0.028 


[66] 


CDF2 


Excl. J/ipK^ 


02- 


-09 


1.088 ± 0.009 ± 0.004 


[63] p 


CDF2 


Incl. D£ 


02- 


-04 


1.123 ±0.0401^39 


[67] p 


CDF2 


Excl. Dn 


02- 


-04 


1.10 ±0.02 ±0.01 


[6S|^ 


DO 


D* + fi D°/i ratio 


02- 


-04 


1.080 ±0.016 ±0.014 


[79] 


BABAR 


Exclusive 


99- 


-00 


1.082 ±0.026 ±0.012 


m 


Belle 


Exclusive 


00- 


-03 


1.066 ±0.008 ±0.008 




Average 








1.081 ±0.006 





The combined SLD result quoted in [64] is 1.01 ± 0.07 ± 0.06. 
Preliminary. 



exponential one obtains a measure of the flavor-specific lifetime [82J : 



1 + [ AL\ 
' 2r 



r(B% s = (35) 



2r s 

As given in Table IHJ the flavor-specific B® lifetime world average is: 

t(B% s = 1.455 ± 0.030 ps . (36) 

This world average will be used later in Sec. I3.3.2l in combination with other measurements 
to find T(B° S ) = 1/T S and Ar s . 

The following correlated systematic errors were considered: average B lifetime used in 
backgrounds, B® decay multiplicity, and branching ratios used to determine backgrounds 
(e.g. B(B — > D S D)). A knowledge of the multiplicity of B® decays is important for 
measurements that partially reconstruct the final state such as B — > D S X (where X is not 
a lepton). The boost deduced from Monte Carlo simulation depends on the multiplicity 
used. Since this is not well known, the multiplicity in the simulation is varied and this 
range of values observed is taken to be a systematic. Similarly not all the branching ratios 



29 



Table 9: Measurements of the B® lifetime obtained from simple exponential fits, without at- 
tempting to separate the CP-even and CP-odd components. 



Experiment 


Method 


Data set 


r(BJ?) (ps) 


Ref. 


ALEPH 


D s e 


91-95 


1.54+^ ±0.04 




831 


CDF1 


D s £ 


92-96 


1.36 d='o.09±g;g| 




[84] 


DELPHI 


D s £ 


91-95 


1.42±g-]J ± 0.03 




85] 


OPAL 


DJ 


90-95 


i.5o±g:if ± °- 04 




86] 


D0 


D s a 


02-04 


1.398 ± 0.044±g;^| 




m 


CDF2 


D s tt(X) 


02-06 


1.518 ±0.041 ±0.027 






CDF2 


D s i 


02-04 


1.381 ± 0.055t°;°g 




W\ p 


Average of flavor-specific measurements 


1.455 ±0.030 






ALEPH 


D s h 


91-95 


1.47 ±0.14 ±0.08 




m 


DELPHI 


D s h 


91-95 


1.53loi|±0.07 


[91j 


OPAL 


D s inch 


90-95 


i 79+O.2O+O.I8 
L - 1 z -0.19-0.17 




m 


Average of all above D s 


measurements 


1.458 ±0.030 






CDF1 




92-95 


1.34+^ ± 0.05 




m 


CDF2 




02-06 


1.494 ±0.054 ±0.009 




93] p 


DO 




02-04 


1.444+°;°^ ± 0.02 




m 



Average of J/i^4> measurements 1.477 ± 0.046 



Preliminary. 



for the potential background processes are measured. Where they are available, the PDG 
values are used for the error estimate. Where no measurements are available estimates 
can usually be made by using measured branching ratios of related processes and using 
some reasonable extrapolation. 

• B® — > D^X decays. Included in Table are measurements of lifetimes using samples 
of B° s decays to D s plus hadrons, and hence into a less known mixture of CP-states. 
A lifetime weighted this way can still be a useful input for analyses examining such an 
inclusive sample. These are separated in Table |9] and combined with the semileptonic 
lifetime to obtain: 

r(B° s ) DsX = 1.458 ±0.030 ps . (37) 

• Fully exclusive B® — > J /i^<p decays are expected to be dominated by the CP-even 
state and its lifetime. First measurements of the CP mix for this decay mode are outlined 
in Sec. 13.3.21 CDF and DO measurements based on simple exponential fits of the Pj? 
J/ip(f) lifetime distribution are combined into an average given in Table |9J There are no 
correlations between the measurements for this fully exclusive channel, and the world 
average for this specific decay is: 

r(B° s ) jm = 1.477 ± 0.046 ps . (38) 

A caveat is that different experimental acceptances will likely lead to different admixtures 
of the CP-even and CP-odd states, and fits to a single exponential may result in inherently 
different measurements of these quantities. 
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• Decays to (almost) pure CP-even eigenstates, such as B° s — > K + K and P° — >• 

+ Dg + decays which are expected to be CP even to within 5%, and hence allow 
the measurement of the lifetime of the "light" mass eigenstate tl = l/T^. ALEPH 
has measured 1.27 ± 0.33 ± 0.08 ps with B° s ->■ P>i* )+ P>i* )+ decays [95], while CDF has 
measured 1.53 ± 0.18 ± 0.02 ps with B® — > K + K~ in Run II [96]. The average of these 
two measurements is: 

r L = l/r L = t(B° s -»■ CP even) = 1.47 ± 0.16 ps . (39) 

Finally, as will be shown in Sec. 13.3.21 measurements of AT S , including separation into 
CP-even and CP- odd components, giv^l 

t(B° s ) = l/r s = 1.506 ± 0.032 ps , (40) 

and when combined with the flavor-specific lifetime measurements: 

r(B° s ) = l/T s = 1.477^ ps . (41) 

3.2.5 B+ lifetime 

There are currently three measurements of the lifetime of the B+ meson from CDF [98, 99J 
and D0 [100] using the semileptonic decay mode P+ — > J/ip£ and fitting simultaneously to 
the mass and lifetime using the vertex formed with the leptons from the decay of the J/i/j 
and the third lepton. Correction factors to estimate the boost due to the missing neutrino are 
used. In the analysis of the CDF Run I data [98], a mass value of 6.40 ± 0.39 ± 0.13 GeV/c 2 
is found by fitting to the tri-lepton invariant mass spectrum. In the CDF and D0 Run II 
results [991 QED], the B+ mass is assumed to be 6285.7 ± 5.3 ± 1.2 MeV/c 2 , taken from a CDF 
result [101] . These mass measurements are consistent within uncertainties, and also consistent 
with the most recent precision determination from CDF of 6275.6 ± 2.9 ± 2.5 MeV/c 2 [102] . 
Correlated systematic errors include the impact of the uncertainty of the P+ pt spectrum on 
the correction factors, the level of feed-down from x/j(2S), MC modeling of the decay model 
varying from phase space to the ISGW model, and mass variations. Values of the P+ lifetime 
are given in Table [TD] and the world average is determined to be: 

T (B+) = 0.461 ± 0.036 ps . (42) 

3.2.6 A® and b-baryon lifetimes 

The first measurements of 6-baryon lifetimes originate from two classes of partially reconstructed 
decays. In the first class, decays with an exclusively reconstructed A£ baryon and a lepton of 
opposite charge are used. These products are more likely to occur in the decay of A® baryons. 
In the second class, more inclusive final states with a baryon (p, p, A, or A) and a lepton have 
been used, and these final states can generally arise from any b baryon. With the large 6-hadron 
samples available at the Tevatron, the most precise measurements of 6-baryons now come from 
fully reconstructed exclusive decays. 

8 A recent CDF result, l/r s = 1.530 ± 0.025 ± 0.012 |57], has not yet been included in this average. 
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Table 10: Measurements of the lifetime. 



Experiment 


Method 


Data set 


t(B+) (ps) 


Ref. 


CDFl 
CDF2 
D0 


J/ip£ 
J/i/j£ 
J /if) (j, 


92-95 
02-06 
02-06 


0.46+^* ± 0.03 
0.475±g;gg ± 0.018 
0.448±g:gH ± 0.032 


M 
[99f 

[100] 


Average 






0.461 ±0.036 





Preliminary. 



The following sources of correlated systematic uncertainties have been considered: exper- 
imental time resolution within a given experiment, 6-quark fragmentation distribution into 
weakly decaying b baryons, A b polarization, decay model, and evaluation of the 6-baryon purity 
in the selected event samples. In computing the averages the central values of the masses are 
scaled to M(A° b ) = 5620 ± 2 MeV/c 2 [103] and M(6-baryon) = 5670 ± 100 MeV/c 2 . 

For the semi-inclusive lifetime measurements, the meaning of decay model systematic un- 
certainties and the correlation of these uncertainties between measurements are not always 
clear. Uncertainties related to the decay model are dominated by assumptions on the fraction 
of n-body semileptonic decays. To be conservative it is assumed that these are 100% correlated 
whenever given as an error. DELPHI varies the fraction of 4-body decays from 0.0 to 0.3. In 
computing the average, the DELPHI result is corrected to a value of 0.2 ± 0.2 for this fraction. 

Furthermore, in computing the average, the semileptonic decay results from LEP are cor- 
rected for a polarization of — 0.45to;} 7 P] and a A® fragmentation parameter (X E ) = 0.70 ± 
0.03 fTTHI . 

Inputs to the averages are given in Table [Til Note that the CDF Ab — > J /if) A lifetime 
result [69] is 3.3cr larger than the world average computed excluding this result. It is nonetheless 
combined with the rest without adjustment of input errors. The world average lifetime of b 
baryons is then: 

(T(&-baryon)) = 1.382 ± 0.029 ps . (43) 

Keeping only Af£ T , A£~£ + , and fully exclusive final states, as representative of the A® baryon, 
the following lifetime is obtained: 

r{A° b ) = 1.425 ±0.032 ps. (44) 



Averaging the measurements based on the ^z T £ T [2H [251 12S] and J/ifjS T 
lives a lifetime value for a sample of events containing S b and S b baryons: 



final states 



(r(S 6 )> 



1 AO+0.19 ns 
i -^ y -0.18 P b • 



(45) 



Recent (and first) measurements of fully reconstructed ^ b —> J/if>E and Q b —> J/if)f2 
baryons yield [35] 

r(S b ) = 1.56t°;lps, (46) 
r{Q b ) = 1.1318:2 ps. (47) 
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Table 11: Measurements of the 6-baryon lifetimes. 



Experiment 


Method 


Data set 


Lifetime (ps) 


Ref. 


ALEPH 


A$l 


91-95 


1.18^ ±0.03 


[23] a 


ALEPH 


A£-£+ 


91-95 


l-30±gj? ± 0.04 


[23] a 


CDF1 


A+£ 


91-95 


1.32 ±0.15 ±0.07 


|105| 


CDF2 




02-06 


1.401 ±0.046 ±0.035 


[106] 


CDF2 


J/if>A 


02-09 


1.537 ±0.045 ±0.014 


[69] p 


D0 
D0 


J/ipA 
A+ ii 


02-06 
02-06 


1.218±g"i?g ± 0.042 
1 9Qn+°- 119 + 087 

± - zyu -0.110-0.091 


m b 

[107| 6 


DELPHI 


A+£ 


91-94 


1.1118;5| d= 0.05 


[108j c 


OPAL 


A+£, A£~£+ 


90-95 


1.29l8:|| ±0.06 


[86] 


Average of above 9: 


A® lifetime = 


1.425 ± 0.032 




ALEPH 


Ai 


91-95 


1.20 ±0.08 ±0.06 


m 


DELPHI 


Atix vtx 


91-94 


1.16 ±0.20 ±0.08 


[108J C 


DELPHI 


Afi i.p. 


91-94 


i.iol8;x? ± 0.09 


fT09] c 


DELPHI 


pi 


91-94 


1.19 ± 0.14 ± 0.07 


|108| c 
|110j d 
[TTU] d 


OPAL 


At i.p. 


90-94 


1.2llg;J|±0.10 


OPAL 


At vtx 


90-94 


1.15 ±0.12 ±0.06 


Average of above 15: mean 


6-baryon lifetime = 


1.382 ± 0.029 




CDF2 


J/^jS- 


02-09 


1.56181 ±0.02 


m\ 


Average of above 1: 


lifetime = 


1-5618:25 




ALEPH 


~t 


90-95 


i or+U 3Y+U 15 
l.OO_ .28-0.17 


[24J 


DELPHI 


Si 


91-93 


1.5181 ±0.3 




DELPHI 


Si 


92-95 


1.45 + 8-43 ±0.13 




Average of above 4: 


mean S& lifetime = 


i -^ J -0.18 




CDF2 




02-09 


1.13 18 40 ±0-02 




Average of above 1: 


fi^ lifetime = 


i 1O+0.53 
i - io -0.40 





a The combined ALEPH result quoted in [23] is 1.21 ± 0.11 ps. 

b The combined D0 result quoted in [107] is 1.25llg;Jgg ps. 

c The combined DELPHI result quoted in [TUS] is 1.14 ± 0.08 ± 0.04 ps. 

d The combined OPAL result quoted in [110] is 1.16 ± 0.11 ± 0.06 ps. 

e The combined DELPHI result quoted in [25] is 1.48lg;|? ± 0.12 ps. 

p Preliminary. 



3.2.7 Summary and comparison with theoretical predictions 

Averages of lifetimes of specific 6-hadron species are collected in Table [121 As described in 
Sec. 13.21 Heavy Quark Effective Theory can be employed to explain the hierarchy of t(B£) <C 
t(A®) < t(B®) t(B°) < r(B + ), and used to predict the ratios between lifetimes. Typical 
predictions are compared to the measured lifetime ratios in Table [TBI A recent prediction of the 
ratio between the B + and B° lifetimes, is 1.06 ± 0.02 [22], in good agreement with experiment. 

The total widths of the B° s and B° mesons are expected to be very close and differ by 
at most 1% [111[ |4~3]. However, the experimental ratio t(B®)/t(B°), where t(B®) = l/T s is 
obtained from AT S and flavour-specific lifetime measurements, appears to be smaller than 1 by 
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Table 12: Summary of lifetimes of different 6-hadron species. 



6-hadron species 


Measured lifet: 


ime 


B + 


1.641 ±0.008 


ps 


B° 


1.518 ±0.007 


ps 


B® (— > flavor specific) 


1.455 ±0.030 


ps 


B° a J/M) 


1.477 ±0.046 


ps 


b° s (i/r s ) 


i 4?7 +0.021 

' -0.022 P b 




0.461 ±0.036 


ps 




1.425 ±0.032 


ps 


Sb mixture 


1 4Q+ - 19 ns 

-L-^^— 0.18 P b 


6-baryon mixture 


1.382 ±0.029 


ps 


6-hadron mixture 


1.568 ±0.009 


ps 



Table 13: Measured ratios of fe-hadron lifetimes relative to the B° lifetime and ranges predicted 
by theory 021 S3]. 



Lifetime ratio 


Measured value 


Predicted range 


r(5+)/r(B°) 


1.081 ±0.006 


1.04 


- 1.08 


T(B°)/r(By 


0.973 ±0.015 


0.99 


- 1.01 


t(A°)/t(B°) 


0.939 ±0.022 


0.86 


- 0.95 


r(6-baryon)/r( J B°) 


0.910 ±0.020 


0.86 


- 0.95 


a Using t(B° s ) = l/r s 


= 2/(r L + r H ). 







(2.7 ± 1.5)%, at deviation with respect to the prediction. 

The ratio t(A^)/t(B°) has particularly been the source of theoretical scrutiny since earlier 
calculations [31] H12] predicted a value greater than 0.90, almost two sigma higher than the 
world average at the time. Many predictions cluster around a most likely central value of 
0.94 [113j . More recent calculations of this ratio that include higher-order effects predict a lower 
ratio between the A® and B° lifetimes [4*2] |4*3] and reduce this difference. References |42[ 1^3] 
present probability density functions of their predictions with variation of theoretical inputs, 
and the indicated ranges in Table [13] are the RMS of the distributions from the most probable 
values. Note that in contrast to the B mesons, complete NLO QCD corrections and fully 
reliable lattice determinations of the matrix elements for A® are not yet available. Again, the 
CDF measurement of the Af, lifetime in the exclusive decay mode J/ipA |69j is significantly 
higher than the world average before inclusion, with a ratio to the t(B°) world average of 
t(A^)/t(B°) = 1.012 ± 0.031, resulting in continued interest in lifetimes of b baryons. 

3.3 Neutral S-meson mixing 

The £>° — B and B° s — B° s systems both exhibit the phenomenon of particle-antiparticle mixing. 
For each of them, there are two mass eigenstates which are linear combinations of the two flavour 
states, B and B. The heaviest (lightest) of the these mass states is denoted B H (B L ), with 
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mass mil (%) and total decay width T H (lY). We define 



Am 
AT 



m H 

r L - 



- m L , 

r H , 



x = Am/T , 

y = Ar/(2r) 



(48) 
(49) 



where T = (rH + rY)/2 = 1/t(B) is the average decay width. Am is positive by definition, and 
Ar is expected to be positive within the Standard ModelJ^l 

There are four different time-dependent probabilities describing the case of a neutral B 
meson produced as a flavour state and decaying to a flavour-specific final state. If CPT is 
conserved (which will be assumed throughout), they can be written as 



V(B B) 
V(B B) 

V(B -> B) 
{ V(B B) 



,-rt 
2 

-rt 



[cosh(^t) + cos(Amt)] 
^ [cosh(^t) -cos(Amt)] 

^ [cosh(^t) -cos(Amt)] 
^ [cosh(^t) + cos(Amt)] 



(50) 



where t is the proper time of the system (i.e. the time interval between the production and the 
decay in the rest frame of the B meson). At the B factories, only the proper-time difference 
At between the decays of the two neutral B mesons from the T(4S) can be determined, but, 
because the two B mesons evolve coherently (keeping opposite flavours as long as none of them 
has decayed), the above formulae remain valid if t is replaced with At and the production 
flavour is replaced by the flavour at the time of the decay of the accompanying B meson in a 
flavour-specific state. As can be seen in the above expressions, the mixing probabilities depend 
on three mixing observables: Am, Ar, and \q/p\ 2 which signals CP violation in the mixing if 
<l/'P 2 + 1- 

In the next sections we review in turn the experimental knowledge on these three parameters, 
separately for the B° meson (Am^, AT^, \q/p\d) and the B° s meson (Am,, Ar s , \q/p\ s ). 

3.3.1 -B mixing parameters 



CP violation parameter \q/p\d 

Evidence for CP violation in B° mixing has been searched for, both with flavor-specific 
and inclusive B° decays, in samples where the initial flavor state is tagged. In the case of 
semileptonic (or other flavor-specific) decays, where the final state tag is also available, the 
following asymmetry 



Ad 



N(B \t) £+u e X) - N(B°(t) -> tTVtX) \p/q\ 2 d - \q/p\\ 



SL 



N(B*(t) ->■ £+v £ X) 



N(B°(t) t-v t X) \vlq\l + \q/p\l 



(51) 



has been measured, either in time- integrated analyses at CLEO |114l I115j I116j . CDF |117[ 1118] 
and D0 [38], or in time-dependent analyses at OPAL pH], ALEPH [EE], BABAR p2H H21 



9 For reason of symmetry in Eqs. (|48|) and (|49|) . Ar is sometimes denned with the opposite sign. The 
definition adopted here, i.e. Eq. (|49|) . is the one used by most experimentalists and many phenomenologists in 
B physics. 
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I123[ 1124] and Belle |125j . In the inclusive case, also investigated and published at ALEPH [120J 
and OPAL [62], no final state tag is used, and the asymmetry |126j 



N(B°(t) ->■ all) - N(W(t) all) 



N(B°(t) ->■ all) + N(B°(t) -> all) SL 



Am^ . o / Arrid t 



2T n 



sin(Am(i £) — sin 



(52) 



must be measured as a function of the proper time to extract information on CP violation. In 
all cases asymmetries compatible with zero have been found, with a precision limited by the 
available statistics. 

A simple average of all measurements performed at B factories |115[ I116[ I121[ I123[ I124[ 1125] 
yields 

A d Sh = -0.0047 ± 0.0046 (53) 

or, equivalently through Eq. ( ISTj) . 

\q/p\d= 1-0024 ±0.0023. (54) 

Analyses performed at higher energy, either at LEP or at the Tevatron, can't separate the 
contributions from the B° and B° s mesons. Under the assumption of no CP violation in B° s 
mixing, a number of these analyses [381 H19[ H20[ 162] quote a measurement of *Ag L or \q/p\d for 
the B meson. Combining these results, as well as that of a preliminary CDF analysis [risf 5 ! . 
with the above B factory averages leads to 



vAgL = -0.0058 ± 0.0034 
\q/p\ d = 1.0030 ±0.0017 



if^| L = 0, \q/p\ s = l. (55) 



These results^], summarized in Table HH are compatible with no CP violation in the B° mixing, 
an assumption we make for the rest of this section. Note that as described in Sec. I3.3.2[ a 
recent update P-27J of the D0 dimuon analysis gives a measurement of the semileptonic charge 
asymmetry at the Tevatron that deviates from the Standard Model by more than 3a, but 
without a separation of the asymmetry due to B° or B° s mesons; however, the world average 
value of A$ L measured at the B factories is used to extract A$ L . 

Mass and decay width differences Am,; and AT^ 

Many time-dependent B°-B° oscillation analyses have been performed by the ALEPH, 
BABAR, Belle, CDF, D0, DELPHI, L3 and OPAL collaborations. The corresponding mea- 
surements of Arrid are summarized in Table [151 where only the most recent results are listed 
(i.e. measurements superseded by more recent ones have been omitted). Although a variety 
of different techniques have been used, the individual Arrid results obtained at high-energy 
colliders have remarkably similar precision. Their average is compatible with the recent and 
more precise measurements from the asymmetric B factories. The systematic uncertainties 
are not negligible; they are often dominated by sample composition, mistag probability, or 
6-hadron lifetime contributions. Before being combined, the measurements are adjusted on the 



10 A low-statistics analysis published by CDF using the Run I data |117] has not been included. 

n Early analyses and (perhaps hence) the PDG use the complex parameter £b = (p — q)/(p + q)', if CP 
violation in the mixing in small, _4g L = 4Re(es)/(l + |es| 2 ) and our current averages are Re(es)/(1 + |es| 2 ) = 
-0.0012 ± 0.0011 (B factory measurements only) and -0.0015 ± 0.0008 (all measurements). 
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Table 14: Measurements of CP violation in B° mixing and their average in terms of both 
A$ L and \qjy\d- The individual results are listed as quoted in the original publications, or 
converted 11 ! to an „4g L value. When two errors are quoted, the first one is statistical and the 
second one systematic. The second group of measurements, performed at high-energy colliders, 



assume no CP violation in B s mixing, 



i.e. 



\q/p\t 



1. 



Measured A$ L 



Exp. & Ref. 



Method 



Measured \q/p\ c 



CLEO [115] 
CLEO [TTB] 
CLEO [TT6] 

babar rrzq 

BABAR [ 123] 
BABAR [T24] p 
Belle [125] 



partial hadronic rec. 

dileptons 
average of above two 
full hadronic rec. 

dileptons 
part. rec. D*lv 
dileptons 



+0.017 ±0.070 ±0.014 
±0.013 ±0.050 ±0.005 
±0.014 ±0.041 ±0.006 



-0.0130 
-0.0011 



±0.0068±0.0040 
±0.0079±0.0085 



1.029 ±0.013 ±0.011 
0.9992 ±0.0027±0.0019 
1.0065 ±0.0034±0.0020 
1.0005 ±0.0040±0.0043 



Average of 7 above -0.0047 ± 0.0046 (tot) 1.0024 ± 0.0023 (tot) 



OPAL [119] 


leptons 


±0.008 ±0.028 ±0.012 


OPAL [62] 


inclusive (Eq. fl52|)) 


±0.005 ±0.055 ±0.013 


ALEPH |120| 


leptons 


-0.037 ±0.032 ±0.007 


ALEPH |120| 


inclusive (Eq. fl52|)) 


±0.016 ±0.034 ±0.009 


ALEPH |120] 


average of above two 


-0.013 ± 0.026 (tot) 


DO [3S] 


dimuons 


-0.0092 ±0.0044±0.0032 


CDF2 [118] p 


dimuons 


±0.0136 ±0.0151±0.0115 




Average of 14 above 


-0.0058 ± 0.0034 (tot) 1.0030 ± 0.0017 (tot) 



p Preliminary. 



basis of a common set of input values, including the averages of the 6-hadron fractions and 
lifetimes given in this report (see Sees. 13.11 and l3.2p . Some measurements are statistically cor- 
related. Systematic correlations arise both from common physics sources (fractions, lifetimes, 
branching ratios of b hadrons), and from purely experimental or algorithmic effects (efficiency, 
resolution, flavour tagging, background description). Combining all published measurements 
listed in Table [15] and accounting for all identified correlations as described in Ref. [3] yields 
Am d = 0.508 ± 0.003 ± 0.003 ps" 1 . 

On the other hand, ARGUS and CLEO have published measurements of the time-integrated 
mixing probability Xd |144[ 11141 1115] , which average to Xd = 0.182 ±0.015. Following Ref. [115] . 
the width difference Ar^ could in principle be extracted from the measured value of Td = 
1/t(B°) and the above averages for Am d and Xd (provided that Ar^ has a negligible impact 
on the Am d t(B°) analyses that have assumed AT d = 0), using the relation 

X l + Vd Am d , ARi 
~Xd = —r^, r with Xa = and % = . ( 56 ) 

However, direct time-dependent studies provide much stronger constraints: |APd|/Td < 18% 
at 95% CL from DELPHI [130], and -6.8% < sign(ReA C p)Ar d /r d < 8.4% at 90% CL from 
BABAR [12 lj . where Xcp = (q/p) d (A C p/A C p) is defined for a CP-even final state (the sensitivity 
to the overall sign of sign(ReAcp)Ar d /T d comes from the use of B° decays to CP final states). 
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Table 15: Time- dependent measurements included in the Am^ average. The results obtained 
from multi-dimensional fits involving also the B° (and B + ) lifetimes as free parameter(s) [7H 
[76j [77J have been converted into one-dimensional measurements of Am^. All the measurements 
have then been adjusted to a common set of physics parameters before being combined. The 
CDF results from Run II are preliminary. 

Experiment Method Am^ in ps _1 Am^ in ps _1 



and Ref. rec. tag before adjustment after adjustment 



ALEPH 


128 


£ 


Qjet 

£ 





404±0 


045±0 


027 










ALEPH 


128] £ 





452±0 


039±0 


044 










ALEPH 


128 


above two combined 





422±0 


032±0 


026 





442±0 


032 to 


020 
019 


ALEPH 


128 


D* 


Qjet 





482±0 


044±0 


024 





482±0 


044±0 


024 


DELPHI 


129 


e 


Qjct 





493±0 


042±0 


027 





503±0 


042±0 


024 


DELPHI 


129 


n*£ 


Q\ct 





499±0 


053±0 


015 





501±0 


053±0 


015 


DELPHI 


129] £ 


£ 





480±0 


040±0 


051 





497±0 


040 to 


042 
041 


DELPHI 


129 


D* 


Qjet 





523±0 


072±0 


043 





518±0 


072±0 


043 


DELPHI 


130 


vtx 


comb 





531±0 


025±0 


007 





527±0 


025±0 


006 


L3 


131| £ 


£ 





458±0 


046±0 


032 





466±0 


046±0 


028 


L3 


131| £ 


Qjet 





427±0 


044±0 


044 





439±0 


044±0 


042 


L3 


131| £ 


£(1P) 





462±0 


063±0 


053 





473±0 


063 to 


045 
044 


OPAL 


132| £ 


£ 





430±0 


043 to 


028 
030 





467±0 


043 to 


017 
016 


OPAL 


119] £ 


Qjet 





444±0 


029 


020 
017 





476±0 


029 to 


014 
013 


OPAL 


133 


D*£ 


Qjet 

£ 





539±0 


060±0 


024 





544±0 


060±0 


023 


OPAL 


133 


D* 





567±0 


089 t° 


029 
023 





572±0 


089 to 


028 
022 


OPAL 


' [63 


TT*£ 


Qjet 





497±0 


024±0 


025 





496±0 


024±0 


025 


CDF1 


134 


Di 


SST 





471 t° 


078 +0 
068 -0 


033 
034 





470 to 


078 +0 
068 -0 


033 
034 


CDF1 


ra 


A* 







503±0 


064±0 


071 





515±0 


064±0 


070 


CDF1 


136] £ 


Qjet 

£ 





500±0 


052±0 


043 





547±0 


052±0 


036 


CDF1 


137 


D*£ 





516±0 


099 to 


029 
035 





523±0 


099 to 


028 
035 


CDF2 


138 


£>(*)£ 


OST 





509±0 


010±0 


016 





509±0 


010±0 


016 


CDF2 


139 


B° 


comb 





536±0 


028±0 


006 





536±0 


028±0 


006 


DO 


140 




OST 





506±0 


020±0 


016 





506±0 


020±0 


016 


baBar 


141 


B° l 


9 , K, NN 





516±0 


016±0 


010 





521±0 


016±0 


008 


BABAR 


[142] £ 


£ 





493±0 


012±0 


009 





486±0 


012±0 


006 


BABAR 


M 


D*£v(p&rt) 


£ 





511±0 


007±0 


007 





512±0 


007±0 


007 


BABAR [73 


D*£u i 


I, K, NN 





492±0 


018±0 


014 





493±0 


018±0 


013 


Belle |143 


D*n (part) 


£ 





509±0 


017±0 


020 





514±0 


017±0 


019 


Belle 


EH 


e 


i 





503±0 


008±0 


010 





505±0 


008±0 


008 


Belle [77 


B°,D*£v 


comb 





511±0 


005±0 


006 





513±0 


005±0 


006 



World average (all above measurements included): 0.508±0.003±0.003 

- ALEPH, DELPHI, L3, OPAL and CDF1 only: 0.496±0.010±0.009 

- Above measurements of BABAR and Belle only: 0.508±0.003±0.003 
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Table 16: Simultaneous measurements of Am^ and t(B°), and their average. The Belle anal- 
ysis also measures t(B + ) at the same time, but it is converted here into a two-dimensional 
measurement of Am^ and t(B°), for an assumed value of t(B + ). The first quoted error on the 
measurements is statistical and the second one systematic; in the case of adjusted measure- 
ments, the latter includes a contribution obtained from the variation of t(B + ) or t(B + )/t(B°) 
in the indicated range. Units are ps -1 for Am d and ps for lifetimes. The three different val- 
ues of p(Am d , t(B )) correspond to the statistical, systematic and total correlation coefficients 
between the adjusted measurements of Am d and t(B°). 

Exp. & Ref. Measured Am d Measured t(B°) Measured r(B + ) Assumed t(B + ) 
BABAR p3] 0.492±0.018±0.013 1.523±0.024±0.022 — (1.083 ± 0.017)r(B°) 

BABAR [76] 0.511±0.007 ±g;Soe 1-504+0.013 ±oIoa3 L671 ± °- 018 

Belle [77] 0.511+0.005+0.006 1.534+0.008+0.010 1.635+0.011+0.011 

Adjusted Am d Adjusted r(B u ) p(Am d ,B l> ) Assumed r(B + ) 

BABAR [7J] 0.492±0.018±0.013 1.523±0.024±0.022 -0.22 +0.71 +0.16 (1.081±0.006)r(B°) 
BABAR [76] 0.512+0.007+0.007 1.506+0.013+0.018 +0.01 -0.85 -0.48 1.641+0.008 
Belle [77] 0.511+0.005+0.006 1.535+0.008+0.011 -0.27 -0.14 -0.19 1.641+0.008 
Average 0.509+0.004+0.004 1.527+0.006+0.008 -0.19 -0.26 -0.23 1.641+0.008 



Combining these two results after adjustment to l/T d = r(B°) = 1.518 ± 0.007 ps yields 

sign(ReAcp) AT d /T d = 0.011 + 0.037 . (57) 

The sign of ReAcp is not measured, but expected to be positive from the global fits of the 
Unitarity Triangle within the Standard Model. 

Assuming AI^ = and using l/T d = t(B°) = 1.518 + 0.007 ps, the Am d and Xd results are 
combined through Eq. fl56|) to yield the world average 

Am d = 0.508 ± 0.004 ps" 1 , (58) 

or, equivalent ly, 

x d = 0.771 ± 0.007 and Xd = 0.1864 ± 0.0022 . (59) 

Figure H] compares the Am d values obtained by the different experiments. 

The B° mixing averages given in Eqs. (I58I) and (1591) and the 6-hadron fractions of Table H] 
have been obtained in a fully consistent way, taking into account the fact that the fractions are 
computed using the Xd value of Eq. (J59l) and that many individual measurements of Am d at 
high energy depend on the assumed values for the 6-hadron fractions. Furthermore, this set of 
averages is consistent with the lifetime averages of Sec. 13.21 

It should be noted that the most recent (and precise) analyses at the asymmetric B factories 
measure Am d as a result of a multi-dimensional fit. Two BABAR analyses [7U [76], based on 
fully and partially reconstructed B° — > D*iv decays respectively, extract simultaneously Am d 
and t(B°) while the latest Belle analysis [TTJ, based on fully reconstructed hadronic B° decays 
and B° — > D*£i> decays, extracts simultaneously Am d , t(B°) and r{B + ). The measurements 
of Am d and r(B°) of these three analyses are displayed in Table [16] and in Fig. [5] Their 
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ALEPH 

(3 analyses) 

DELPHI * 

(5 analyses) 

L3 

(3 analyses) 

OPAL 

(5 analyses) 

CDF1 * 
(4 analyses) 

CDF2 * 
(2 prel. analyses) 

DO 

(1 analysis) 

BABAR * 
(4 analyses) 

BELLE * 
(3 analyses) 

Average of above 
after adjustments 

CLEO+ARGUS 
(% d measurements) 

World average 
End 2009 



HFAG average 
without adjustments 




0.45 0.5 0.55 
Am . (ps" 1 ) 



0.446 ± 0.026 ± 0.019 ps 
0.519 ± 0.018 ± 0.011 ps 
0.444 ± 0.028 ± 0.028 ps 
0.479 ± 0.018 ± 0.015 ps 
0.495 ± 0.033 ± 0.027 ps 
0.517 ± 0.009 ± 0.013 ps 
0.506 ± 0.020 ± 0.016 ps 
0.506 ± 0.006 ± 0.004 ps 
0.509 ± 0.004 ± 0.005 ps 

0.508 ± 0.004 ps" 1 
0.498 ± 0.032 ps" 1 

0.508 ± 0.004 ps" 1 



Figure 4: The B°-B oscillation frequency Am^ as measured by the different experiments. The 
averages quoted for ALEPH, L3 and OPAL are taken from the original publications, while the 
ones for DELPHI, CDF, BABAR, and Belle have been computed from the individual results 
listed in Table [T5l without performing any adjustments. The time-integrated measurements of 
Xd from the symmetric B factory experiments ARGUS and CLEO have been converted to a 
Arrid value using t(B°) = 1.518 ± 0.007 ps. The two global averages have been obtained after 
adjustments of all the individual Am d results of Table [151 (see text). 



40 




Figure 5: Simultaneous measurements of Arrid and t(B°) [HJ [76J [77], after adjustment to a 
common set of parameters (see text). Statistical and total uncertainties are represented as 
dashed and solid contours respectively. The average of the three measurements is indicated by 
a hatched ellipse. 



two-dimensional average, taking into account all statistical and systematic correlations, and 
expressed at t(B+) = 1.641 ± 0.008 ps, is 

/^n\ ? ~^ ^ ^ S \ with a total correlation of —0.23. (60) 
T{B V ) = 1.527 ± 0.010 ps j v ' 

3.3.2 B® mixing parameters 

CP violation parameter \q/p\ s 

Constraints on a combination of \q/p\d and \q/p\ s (or equivalently Ag L and .A§ L ) have been 
explicitly quoted by the Tevatron experiments, using inclusive semileptonic decays of b hadrons: 

\ (f'd X^sl + fs XsA s SL ) = +0.0015 ± 0.0038(stat) ± 0.0020(syst) CDF1 [117] , (61) 
^sl = ^%rf + {^'^ L = +0.0080 ± 0.0090(stat) ± 0.0068(syst) CDF2 [118J , (62) 

Jd Z d + j' s Z s 

A b Sh = -0.00957 ± 0.00251(stat) ± 0.00146(syst) D0 pT] , (63) 
where0 Z q = 1/(1 - y 2 q ) - 1/(1 + x 2 q ) = 2 Xq /(l - yj), q = d,s. The D0 result of Eq. fl63]), 
12 In Ref. [145], the D0 result [35] was reinterpreted by replacing Xs/Xd with Z s /Zd- For simplicity, and 
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CDF 
(Run I) 

CDF 
(1.6 fb *) prel. 

DOuu 
(6.1 fb l ) 

DO D s uX(tagged) 
(5 fb" 1 ) 



Average 



3JT 



-0.1 



Heavy Flavour 
Averaging Group 



-0.05 



0.05 



A SL (B S ) 



0.1051 ±0.2832 tolt'o 
0.0239 ±0.0208 
-0.0151 ±0.0051 ±0.0056 
-0.0017 ±0.0091 + .oXi5 



-0.0088 ±0.0058 



0.1 



Figure 6: Measurements of -4| L , derived from CDF |117[ 1118] and D0 [38| 1146] analyses and 
adjusted to the latest averages of A$ h , fr-hadron fractions and mixing parameters. The combined 



value of A§ L is also shown. 



obtained by measuring the charge asymmetry of like-sign dimuons, differs by 3.2 standard 
deviations from the Standard Model prediction of 

^sl(SM) = (-2.3t°j) x 10- 4 m ■ (64) 

In addition a first direct determination of ^4| L and hence \q/p\ s has been obtained by D0 by 
measuring the charge asymmetry of tagged B® — > D s \xX decays: 

A S SL = -0.0017 ± 0.0091(stat)+J;J[|JJ(syst) D0 [US] . (65) 

Given the average A$ L = -0.0047 ±0.0046 of Eq. ([53]), obtained from results at B factories, 
as well as other averages presented in this chapter for the quantities appearing in Eqs. ( 16T1) . 
(162|) . and (!63|) . these four results are turned into measurements of A$ L (displayed in Fig. [6]). 
The D0 result for ^4| L yields 

A S SL = -0.00146 ± 0.0075 D0 [1271 > ( 66 ) 

with an increased uncertainty due to uncertainties in f' d , f' s , Zj, and Z s , and does not represent 
evidence of CP violation exclusively in the B° s system. The four results of Fig. [6] are combined 
to yield 

A S SL = -0.0088 ± 0.0043(stat) ± 0.0039(syst) = -0.0088 ± 0.0058 (67) 
or, equivalently through Eq. ( I5T1 . 

\q/p\ a = 1.0044 ± 0.0022(stat) ± 0.0019(syst) = 1.0044 ± 0.0029 . (68) 

since this has anyway a negligible numerical effect on our combined result of Eq. (1671) . we follow the same 
interpretation and set \ q = Z q /2 in Eqs. and (1551) . We also set f = f q . 
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Table 17: Experimental constraints on Ar s /r s from lifetime and B s — > J/ip<p analyses, assum- 
ing no (or very small SM) CP violation. The upper limits, which have been obtained by the 
working group, are quoted at the 95% CL. 



Experiment 


Method 


Ar s /r s 


Ref. 


L3 




lifetime of inclusive 6-sample 


< 0.67 


m 


DELPHI 




B s -»■ D+£~uiX, lifetime 


< 0.46 


[85] 


DELPHI 




B s Df hadron, lifetime 


< 0.69 




CDF1 




B° s ->■ J/ijjcj), lifetime 


S3+ 45 

U.OO_g 42 












CDF2 




— > J/i[)<f>, time-dependent angular analysis 


0.02±0.05±0.01 ps- 1 


|148| 


D0 


B° s 


—> J/ip<f), time-dependent angular analysis 


0.14±0.07ps- 1 


|149] 



The quoted systematic errors include experimental systematics as well as the correlated depen- 
dence on external parameters. These results are compatible with no CP violation in B® mixing, 
an assumption made in almost all of the results described below. 

Decay width difference AT S 

Definitions and an introduction to Ar s can also be found in Sec. 13.2.41 Neglecting CP 
violation, the mass eigenstates are also CP eigenstates, with the short-lived state being CP- 
even and the long-lived one being CP-odd. Information on Ar s can be obtained by studying the 
proper time distribution of untagged data samples enriched in B° s mesons [82] . In the case of an 
inclusive B° s selection [60] or a semileptonic P° decay selection [851 EH EZ] , both the short- and 
long-lived components are present, and the proper time distribution is a superposition of two 
exponentials with decay constants T s ± Ar s /2. In principle, this provides sensitivity to both Y s 
and (Ar s /r s ) 2 . Ignoring Ar s and fitting for a single exponential leads to an estimate of T s with 
a relative bias proportional to (Ar s /T s ) 2 . An alternative approach, which is directly sensitive to 
first order in Ar^/r^, is to determine the lifetime of B° s candidates decaying to CP eigenstates; 
measurements exist for P° — > J/ip4> [Ml [931 El] and P° — > Di*^ + Di*^~ , discussed later, which 
are mostly CP-even states [147] . However, later, more sophisticated, time- dependent angular 
analyses of P° — > J/ip^ allow the simultaneous extraction of Ar s and the CP-even and CP-odd 
amplitudes [1481 1149] . Flavor tagging the B° s (or B s ) that subsequently decays to J/ipcf) allows 
for a more effective extraction of the weak mixing phase as discussed later. Both the CDF 
and D0 flavor-tagged B° s — > J/ip4> analyses [148j 1149] present results first assuming the very 
small SM value of mixing- induced CP violation in the B® system (effectively zero compared to 
current experimental resolution) used in the averaging of Ar s , and then also allowing for large 
CP violation, used for determining an average weak mixing phase in the next subsection. 

Measurements quoting Ar s /r s results from lifetime analyses and AT S results from B° s — > 
J/ip(t> analyses under the hypothesis of no (or very small SM) CP violation are listed in Table [T71 
There is significant correlation between Ar^ and l/r s . In order to combine these measurements, 
the two-dimensional log-likelihood for each measurement in the (l/r s , Ar s ) plane is summed 
and the total normalized with respect to its minimum. The one-sigma contour (corresponding 
to 0.5 units of log-likelihood greater than the minimum) and 95% CL contour are found. Only 
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Figure 7: Ar s combination results with one-sigma contours (Alog£ = 0.5) shown for (a) Ar s 
versus t(B®) = 1/T S and (b) r H = 1/T H versus r L = 1/T L . The red contours labeled "Direct" 
are the result of the combination of last two measurements of Table (T7J the blue bands are the 
one-sigma contours due to the world average of flavor-specific B® lifetime measurements, and 
the solid and dashed-outlined shaded regions result using the combination constraints described 
in the text. In (b), the diagonal dashed line indicates i\ = Th, i.e., where Ar s = 0. 



the Ar s inputs from CDF2 and D0 as indicated in Table [I7J were used in the combinations 
below (adding the other ones would not change the results). CDF has very recently made a 
preliminary update [97] to their B° s — > J/ip4> analysis to an integrated luminosity of 5.2 fb -1 , 
and assuming no CP violation, find 

Ar s = 0.075 ±0.035 + 0.01 ps" 1 , (69) 
r(B° s ) = 1/T S = 1.530 ± 0.025 ± 0.012 ps. (70) 

However, this new update has yet to be included in the following combinations. 

Results of the combination are shown as the one-sigma contour labeled "Direct" in both 
plots of Fig. [3 Transformation of variables from (1/T S , Ar s ) space to other pairs of variables 
such as (l/r s , Ar s /r s ) and (tl = l/IY, th = I/Th) are also made. The resulting one-sigma 
contour for the latter is shown in Fig. UJb). 

Numerical results of the combination of the CDF2 and D0 inputs of Table [17] are: 



Ar s /r s 


G 


[-0.011, +0.224] at 95% CL , 


(71) 


Ar s /r s 




+0.105 ±+0.060, 


(72) 


Ar s 


e 


[-0.006, +0.146] ps" 1 at 95% CL , 


(73) 


Ar s 




+0.070 ± 0.039 ps" 1 , 


(74) 


r(B° s ) = l/r s 




1.506 + 0.032 ps, 


(75) 


I/Tl = Tshort 




1 4 Q1 +0-038 
1.4J1_ 037 ps , 


(76) 


l/^H = 7"long 




i.oju +0 071 ps . 


(77) 
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Flavor-specific lifetime measurements are of an equal mix of CP-even and CP-odd states 
at time zero, and if a single exponential function is used in the likelihood lifetime fit of such a 
sample [82] . 



1 J_ ( AT* 

' 2r 



Aiyr s 


e 


[-0.028, +0.167] at 95% CL , 


Ar s /r s 




+0 072+ - 049 


Ar s 


G 


[-0.019, +0.112] ps" 1 at 95% CL 


Ar s 




+0.049l°;°j* ps- 1 , 


HB° S ) = 1/T. 




477+0 .021 
LAt 1 -0.022 P b > 


= Tshort 




1 4.oe;+0.037 

l.^Zd_ 035 pb , 


l/l^H = Tlong 




1.532 + 0.049 ps. 



r{B% s = f . (78) 

1 I, 2r s 

Using the world average flavor-specific lifetime of Eq. (136]) in Sec. 13.2.41 the one-sigma blue 
bands shown in Fig. [7] are obtained. Higher-order corrections were checked to be negligible in 
the combination. 

When the flavor-specific lifetime measurements are combined with the CDF2 and D0 mea- 
surements of Table [T71 the solid-outline shaded regions of Fig. [7] are obtained, with numerical 
results: 

(79) 
(80) 
(81) 
(82) 
(83) 
(84) 
(85) 

These results can be compared with the theoretical prediction of Ar s = 0.096 ± 0.039 ps -1 (or 
Ar s = 0.088 ± 0.017 ps" 1 if there is no new physics in Am s ) [801 El- 
Measurements of B(B° S Di* )+ Di* ] ~) can also be sensitive to Ar s . The decay B° s — > DfD s 
is into a final state that is purely CP even. Under various theoretical assumptions |147[ 1150] . 
the inclusive decay into this plus the excited states P° — > Dg + Dg~ is also CP even to within 
5%, and P° — > Di*^ + Di*^ saturates rf Peven . Under these assumptions, for no CP violation, 
we have: 

Aiyr.- M(j^gW-) 

1 - B{B° S ->■ D^+D^-) 

However, there are concerns |151j that the assumptions needed for the above are overly restric- 
tive and that the inclusive branching ratio may be CP even to only 30%. In the application of 
the constraint as a Gaussian penalty function, the theoretical uncertainty is dealt with in two 
ways: the fraction of the CP-odd component of the decay |150] is taken to be a uniform distri- 
bution ranging from to 0.05 and convoluted in the Gaussian, and the fractional uncertainty 
on the average measured value is increased in quadrature by 30%. 

Measurements for the branching fraction for this decay channel are shown in Table [H 
Using their average value of 0.049 ± 0.014 with Eq. (1861) yields 



Ar s /r s = +0.103 + 0.032, (87) 



consistent with the value given in Eq. (180|) . 

As described in Sec. 13.2.41 and Eq. (1391) . the average of the lifetime measurements with 
— > K + K~ and B° s — > DgDg decays can be used to measure the lifetime of the CP-even (or 



45 



Table 18: Measurements of B(B° -> D { s * )+ Dr ). 



Experiment 


Method 


Value 


Ref. 


ALEPH 

D0 

Belle 


0-0 correlations 

D s — > 07T, _D S — )■ 0/iI/ 

full reco. in 6 excl. D s modes 


0.115 ± 0.050^;^ 
0.035 ±0.010 ±0.011 
0.069i^ ± 0.019 


[95 
|155 
|15 


a 

!| 


Average of a 


bove 3 0.049 ± 0.014 





a The value quoted in this table is half of B(B° (short) -> D { s * }+ D [ s *> ) given in Ref. [35]. 
Before averaging, it has been adjusted the latest values of / s at LEP and B(D+ —> 4>X). 



"light" mass) eigenstate t(B® — > CP-even) = = 1/Tl = 1.47 ± 0.16 ps. These decays are 
assumed to be 100% CP even, with a 5% theoretical uncertainty on this assumption added in 
quadrature for the combination. 

When the constraint due this CP-even lifetime and the B(B® — > Dg + Di*^) branching 
fraction are added to the previous ones, the dashed-outline shaded regions of Fig. [7] are obtained, 
with numerical results: 



Ar s /r s G [±0.025, ±0.150] at 95% CL, (88) 

Ar s /r s = +0.089 ±0.032, (89) 

Ar s G [±0.017, ±0.101] ps" 1 at 95% CL, (90) 

Ar s = ±0.060 ± 0.021 ps" 1 , (91) 

r(B° s ) = l/T s = 1.477™ PS, (92) 

l/r L = r short = 1.416 ± 0.027 ps, (93) 

l/r H = r long = 1.5481K PS- (94) 

CDF has also measured the exclusive branching fraction B(B Q S — > DfD~) = (9At_'l[ 2 ) x 



10 -3 [TM] , and they use this to set a lower bound of Arf p /r s > 0.012 at 95% CL (since on 
its own it does not saturate the CP-even states). 

Weak phase in B® mixing 

In general there will be a CP-violating weak phase difference: 

0, = arg [-M 12 /r 12 ] , (95) 

where M\2 and are the off-diagonal elements of the mass and decay matrices of the B®-~B° S 
system. This is related to the observed Ar s through the relation: 

Ar s = 2|r 12 |cos0 s . (96) 

The SM prediction for this phase is tiny, 0^ M = 0.004 [80]; however, new physics in B° s mixing 
could change this observed phase to 

0, = ^ M ±^ P - (97) 
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The relative phase between the B® mixing amplitude and that of specific h — > ccs quark 
transitions such as for B° s or B s —> J/ip4> in the SM is [SOI 1155] : 

2/3f M = 2 arg [- (V ts V*) / (V cs V; b )} = 0.037 ± 0.002 « 0.04. (98) 

This angle is analogous to the /3 angle in the usual CKM unitarity triangle aside from the 
negative sign (resulting in a positive angle in the SM). The same additional contribution due 
to new physics would show up in this observed phase |80j, i.e.: 

2(3 S = 2& SM - «/>f . (99) 

The current experimental precision does not allow these small CP-violating phases and 
/3f M to be resolved, and for large new physics effect, we can approximate (fi s ps — 2(3 S 0^ p , 
i.e., a significantly large observed phase would indicate new physics. 

For non-zero (T^l, analysis of the time-dependent decay B° s — > J/i/j(f) can measure the weak 
phase. Including information on the B® flavor at production time via flavor tagging improves 
precision and also resolves the sign ambiguity on the weak phase angle for a given AT S . Both 
CDF |148] and D0 |149] have performed such analyses and measure the same observed phase 
that we denote (j/J^ = —2(3s^^ to reflect the different conventions of the experiments. 

Under the assumption of non-zero <pi^, in addition to the result listed in Table [T7J the 
D0 collaboration |149] has also made simultaneous fits allowing 0f to float while weakly 
constraining the strong phases, Si to find: 

Ar, = +0.19 ± 0.07±Hi P s_1 > ( 10 °) 
r(B° s ) = 1/T S = 1.52 ±0.06 ps, (101) 
ti'<* = -0.57^;K° 2 7 . (102) 

If the SM value of <p J J^ = —0.04 is assumed, a probability of 6.6% to obtain a value of <p J J^ 
lower than —0.57 is found. 

The CDF analysis |148] reports confidence regions in the two-dimensional space of 2/3s^^ 
and AT S . They present a Feldman- Cousins confidence interval of 2/?/ // ^ where Ar s is treated 
as a nuisance parameter: 

= E [0.56, 2.58] at 68% CL. (103) 

Only a confidence range is quoted and a point estimate is not given since biases were observed 
in the analysis. Assuming the SM predictions for 2/3 s and Ar s , they find that the probability 
of a deviation as large as the level of the observed data is 7%. Note that CDF has very recently 
made a preliminary update [97] to their B® — > J/ip4> analysis to an integrated luminosity of 
5.2 fb _1 indicating a best-fit confidence interval of: 

2/3 J J*+ = g [0.04, 1.04] U [2.16, 3.10] at 68% CL, (104) 

where the probability of a larger deviation from the SM prediction is 44% or 0.8a. However, 
this new result has not yet been used in the combinations below. 

Given the consistency of these two measurements of the weak phase, as well as their de- 
viations from the SM, there is interest in combining the results and using in global fits, e.g., 
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see Ref. [156] . To allow a combination on equal footing, the D0 collaboration has redone their 
fits [157j allowing strong phase values, 5i, to float as in the CDF analysis. Ensemble studies 
to test confidence level coverage were performed by both collaborations and used to adjust 
likelihood values to correspond to the usual Gaussian confidence levels. Two-dimensional like- 
lihoods were combined |158[ 1159] with the result shown in Fig. |S(a). After the combination, 
consistency of the best fit values for <\> J J^^ = —2/3s^^ with SM predictions is at the level of 
2.3a, with numerical results for the two solutions given below. Despite possible biases in the 
CDF input, point estimates are still presented and the confidence level regions are straight 
projections onto the Ar s or phase angle axes. 



+0.150+ 0055 



ps' 1 or - 0.1501°;°! ps" 



= _ 2 ^W 



G [+0.060, +0.297] U [-0.297, -0.060] ps" 1 at 90% CL , 

— n fiQ+0-30 nr 9 oi +0.36 

G [-1.50, -0.32] U [-2.82, -1.64] at 90% CL . 



(105) 
(106) 
(107) 
(108) 



A comparison between the above sum of the CDF and D0 likelihoods and the world average 
Bg semileptonic asymmetry of Eq. ( 167]) through [160J: 



^12 1 



A 



SL 



sm i 



AT, 
Am. 



tan< 



(109) 



is also made and shown in Fig. IB^a). Consistency between the two is observed, and the value 
of Ag L i s applied as a constraint resulting in the confidence level regions shown in Fig. IH^b) 
including the region delineated by new physics traced by the relation of Eq. fl96|) . Numerical 
results for the two solutions are: 



+0.150^;°49 PS -1 or 



1 S0+ - 042 ns" 1 

u - idu -0.049 P b 



G [+0.075, +0.228] U [-0.220, -0.071] ps" 1 at 90% CL , 
-2#W = -0.82±°if or - 2.36±g;f2 , 

G [-1.20, -0.45] U [-2.72, -1.99] at 90% CL . 



(110) 
(111) 
(112) 
(113) 



with a consistency of the best fit values with SM predictions of 2j3 s at the level of 2.8cr. 

Finally, additional constraints are added due to the flavor-specific lifetime world average 
of Eq. (1361) through Eq. (ITS"]) , the CP-event lifetime of Eq. (1391) . and the world average of the 
branching fraction B(B® — > Di*^ Di*^~) through |150j : 



2B{B° S #(*)+£>(*)-) ~ Ar 



CP 



i 



l~2x 



f 



COS ( 



1 



2r, 



+ 



l-2x 



f 



— COS ( 



2r 



H 



(114) 



Here xj is the fraction of the CP-odd component of the decay. To apply this as a constraint, 
we expand the above expression to second order, 



2B(B° S -+ £>«+£>(*)- 



Ar, 



T s cos i 



2x f 



AT S cos ( 
2fT 



115) 
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Figure 8: (a) Confidence regions in width difference Ar s and weak phase angle (fig^ = 
—2/3s^^ from combined CDF and D0 likelihoods determined in flavor-tagged B° s — > J/ip(f) 
time-dependent angular analyses |148[ 1157] compared to the SM value of — 2/3f M and to the 
world-average value of the B® semileptonic asymmetry, ^4| L (overlaid); (b) after adding the 
constraint due to the world- average value of Ag L . The region allowed in new physics models 
given by Ar s = 2 1 r i2 1 cos0 s is also shown (light green band). 



and use the world average of the branching ratio of Table [HI Numerical results following these 
final constraints are: 

AT S = +0.0541°;°*? ps" 1 or - 0.0541°;™ ps" 1 , (116) 
G [+0.025, +0.097] U [-0.099, -0.024] ps -1 at 90% CL , , (117) 
^/# = _ 2/3 J/# = _ .75l°f or-2.38l°|5, (118) 

G [-1.19,-0.21] U [-2.94,-1.93] at 90% CL. (119) 

with a consistency of the best fit values with SM predictions of 2/3 s at the level of 2.7cx. 

Mass difference Am s 

oscillations have been observed for the first time in 2006 by the CDF collaboration [161] , 
based on samples of flavour-tagged hadronic and semileptonic 5° decays (in flavour-specific 
final states), partially or fully reconstructed in 1 fb -1 of data collected during Tevatron's Run II. 
From the proper-time dependence of these B° s candidates, CDF observe 5° oscillations with a 
significance of at least 5cr and measure Am, = 17.77 + 0.10 + 0.07 ps" 1 [1ST]. More recently, the 
D0 collaboration has obtained with 2.4 fb -1 an independent ~ 3<r preliminary evidence for B° s 
oscillations; combining all their results |162j they obtain Am s = 18.53 + 0.93 + 0.30 ps _1 [163] . 
To a good approximation, both the CDF and D0 results have Gaussian errors, and the world 
average value of Am s can be obtained as a simple weighted average: 

Am, = 17.78 + 0.12 ps" 1 . (120) 
Multiplying this result with the mean B° s lifetime of Eq. (J53"j) . 1/T S = 1.477l° °22 P s ' yields 

At/2 

x s = - = 26.3 + 0.4. (121) 
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With 2y s = Ar s /r s = +0.072+°;°^ (see Eq. ([H])) and under the assumption of no CP violation 
in B® mixing, this corresponds to 

Xs = X , a t V \ = 0-49928 ± 0.00002 . (122) 
2(a?2 + l) 

The ratio of the B° and B® oscillation frequencies, obtained from Eqs. fl58|) and (I120p . 

= 0.0286 ± 0.0003 , (123) 
can be used to extract the following ratio of CKM matrix elements, 

V td 



Is 



^/i^^ = - 2062±0 - 0011 - s ' (124) 



where the first quoted error is from experimental uncertainties (with the masses m(B®) and 
m(B°) taken from [3]), and where the second quoted error is from theoretical uncertainties 
in the estimation of the SU(3) flavor-symmetry breaking factor £ = 1.210loo35 obtained from 
lattice QCD calculations [164] . 

Bg mesons were known to mix since many years. Indeed the time-integrated measurements 
of x (see Sec. 13.1. 31) . when compared to our knowledge of Xd and the 6-hadron fractions, in- 
dicated that B° s mixing was large, with a value of Xs close to its maximal possible value of 
1/2. However, the time dependence of this mixing could not be observed until recently, mainly 
because of lack of proper-time resolution to resolve the small period of the B® oscillations. 

The statistical significance S of a B® oscillation signal can be approximated as [165J 

S « ^/si g (1 - 2w) exp (- (Am sffi ) 2 /2) , (125) 

where N is the number of selected and tagged B® candidates, / S j g is the fraction of B® signal 
in the selected and tagged sample, w is the total mistag probability, and <r t is the resolution 
on proper time. As can be seen, the quantity S decreases very quickly as Am s increases: this 
dependence is controlled by at, which is therefore the most critical parameter for Am s analyses. 
The method widely used for B® oscillation searches consists of measuring a B° s oscillation 
amplitude A at several different test values of Am s , using a maximum likelihood fit based on 
the functions of Eq. ( 15 Op where the cosine terms have been multiplied by A. One expects A = 1 
at the true value of Am s and A = at a test value of Am s (far) below the true value. To a 
good approximation, the statistical uncertainty on A is Gaussian and equal to 1/5 [165]. In 
any analysis, a particular value of Am s can be excluded at 95% CL if ^4+ 1.645 04 < 1, where 
cr^ is the total uncertainty on A. Because of the proper time resolution, the quantity ^(Am s ) 
is an increasing function of Am s (see Eq. (I125P which merely models l/a^(Am s ) in an analysis 
limited by the available statistics). Therefore, if the true value of Am s were infinitely large, 
one expects to be able to exclude all values of Am s up to Am™, where Am™, called here 
the sensitivity of the analysis, is defined by 1.645 cr^(Am^ cns ) = 1. 

Figure [9] shows the measured B® amplitude as a function of Am s , as obtained by CDF 
(top) and D0 (middle) using Run II data. The recent D0 evidence of a B® oscillation signal 
is consistent with the 2006 observation by CDF. A large number of B° s oscillation searches, 
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Figure 9: B® oscillation amplitude as a function of Am s , and measured value of Am s (when 
available). Top: CDF result based on Run II data, published in 2006 [161] . Middle: Aver- 
age of the latest D0 amplitude measurements released as preliminary results in 2007 [162] . 
and corresponding measurement of Am s |163j . Bottom: Average of all ALEPH [166J, DEL- 
PHI [851 Ell H30l [167], OPAL [TSS1ITSS], SLD [MUTT], and CDF Run I [172] results published 
between 1997 and 2004. Statistical uncertainties dominate. Neighboring points are statistically 
correlated. 
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already based on the amplitude method, had been performed previously by ALEPH [166] . 
CDF (Run I) [172], DELPHI [851 ED [HH HSU, 0PAL M UBS] and SLD [HQ] [TTU 173] (we 
omit references to searches that have been superseded by more recent ones). All the results 
published by these experiments (between 1997 and 2004) have been combined by averaging the 
measured amplitudes A at each test value of Am s . The individual results have been adjusted 
to common physics inputs, and all known correlations have been accounted for; in the case of 
the inclusive (lepton) analyses, performed at LEP and SLC, the sensitivities (i.e. the statistical 
uncertainties on A), which depend directly through Eq. (11251) on the assumed fraction / sig ~ f s 
of B° s mesons in an unbiased sample of weakly-decaying b hadrons, have also been rescaled to 
the LEP average f s = 0.103 ± 0.009. The resulting average amplitude spectrum, completely 
dominated by the e + e~ — > Z experiments, is displayed as the bottom plot of Fig. [9j Although 
no significant signal is seen, it is interesting to note the hint in the region 15-20 ps _1 , consistent 
with the recent results from the Tevatron. 
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4 Measurements related to Unitarity Triangle angles 



The charge of the "CP(t) and Unitarity Triangle angles" group is to provide averages of mea- 
surements from time-dependent asymmetry analyses, and other quantities that are related to 
the angles of the Unitarity Triangle (UT). In cases where considerable theoretical input is 
required to extract the fundamental quantities, no attempt is made to do so at this stage. 
However, straightforward interpretations of the averages are given, where possible. 

In Sec. 14.11 a brief introduction to the relevant phenomenology is given. In Sec. 14.21 an 
attempt is made to clarify the various different notations in use. In Sec. 14.31 the common 
inputs to which experimental results are rescaled in the averaging procedure are listed. We 
also briefly introduce the treatment of experimental errors. In the remainder of this section, 
the experimental results and their averages are given, divided into subsections based on the 
underlying quark-level decays. 



4.1 Introduction 

The Standard Model Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix V must be 
unitary. A 3 x 3 unitary matrix has four free parameters^ and these are conventionally written 
by the product of three (complex) rotation matrices [174j . where the rotations are characterized 
by the Euler angles 6 I 12 , #13 and 8 23 , which are the mixing angles between the generations, and 
one overall phase 5, 

I V ud V us V ub \ / C12C13 S12C13 s 13 e~ lS \ 

V = V cd V cs V cb = -S12C23 - c 12 s 23 s 13 e iS c 12 c 23 - s 12 s 23 s n e t5 s 23 c 13 (126) 
\ V td V ts Vtb / \ s 12 s 23 - c 12 c 23 s 13 e lS -C12S23 - s 12 c 23 s 13 e lS c 23 ci 3 / 

where Cy = cos Sjj = sin 6^- for i < j = 1, 2, 3. 

Following the observation of a hierarchy between the different matrix elements, the Wolfen- 
stein parameterization [175j is an expansion of V in terms of the four real parameters A (the 
expansion parameter), A, p and r\. Defining to all orders in A |176j 



S12 = A, 

s 23 = AX 2 , (127) 
s 13 e~ tS = AX 3 (p-t V ), 

and inserting these into the representation of Eq. (I126p . unitarity of the CKM matrix is achieved 
to all orders. A Taylor expansion of V leads to the familiar approximation 

/ 1 - A 2 /2 A AX 3 (p-i7]) \ 

V = -A 1 - A 2 /2 AX 2 + O (A 4 ) . (128) 

\ AA 3 (1 -p-irj) -AX 2 1 / 

At order A 5 , the obtained CKM matrix in this extended Wolfenstein parametrization is: 

1 — \^ — \^ A 
V= \ -X + \A 2 X b [1 - 2(p + ir])] l-iA 2 -|A 4 (l + 4^ 2 ) ,4A 2 j + O (A 6 ) . (129) 

^A 3 [1 - (1 - \X 2 ){p + irj)] -AX 2 + I AX 4 [1 - 2{p + i v )] 




13 In the general case there are nine free parameters, but five of these are absorbed into unobservable quark 
phases. 
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The non-zero imaginary part of the CKM matrix, which is the origin of CP violation in the 
Standard Model, is encapsulated in a non-zero value of rj. 

The unitarity relation V'V = 1 results in a total of nine expressions, that can be written 
as ^2 i=uct V*jVik = 5jk, where 5jk is the Kronecker symbol. Of the off-diagonal expressions 
(j 7^ k), three can be transformed into the other three leaving six relations, in which three 
complex numbers sum to zero, which therefore can be expressed as triangles in the complex 
plane. More details about unitarity triangles can be found in [177[ I178[ I179[ 1180] . 

One of these relations, 

v ud v: b + v cd v* b + v td v; b = o, (130) 

is of particular importance to the B system, being specifically related to flavour changing 
neutral current b — > d transitions. The three terms in Eq. (11301) are of the same order (O (A 3 )), 
and this relation is commonly known as the Unitarity Triangle. For presentational purposes, it 
is convenient to rescale the triangle by (V^VJ,) -1 , as shown in Fig. [TUJ 

Two popular naming conventions for the UT angles exist in the literature: 



arg 



V ud V* b j 



= 01 



arg 



v cd v; b 

VuV t t 



7 



arg 



v cd v; b , 



(131) 



In this document the (a, (3, 7) set is used0 The sides R u and Rt of the Unitarity Triangle (the 
third side being normalized to unity) are given by 



R, t 



V U dV* b 



V cdV* b 



Vp 2 + v 2 , Rt 



V td V t t 



v cd v: b 



l-p) 2 +t- 



132) 



where p and 77 define the apex of the Unitarity Triangle [176] 



P+IT) = 



VudV* b VtdV t t 

v cd v: b 



A 2 (p + irf) 



V cd V* VI - A 2 \ 4 + VT^VA 2 \*(p + i V ) 



(133) 



14 The relevant unitarity triangle for the B® system is obtained by replacing df>sin Eq. 11301 Definitions 
of the set of angles (a s ,/3 s ,7 s ) can be obtained using equivalant relations to those of Eq. I13H for example 
Ps — arg [— (V cs V* b ) / (Vt s V t * b )]. This definition gives a value of f3 s that is negative in the Standard Model, so 
that the sign is often flipped in the literature. 
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The exact relation between (p, rj) and (p, rj) is 



y/1 -AW(p + %Jj) 

p + irj = . . (134) 

VT^A2[1 - A 2 A 4 (p + ^)] 

By expanding in powers of A, several useful approximate expressions can be obtained, in- 
cluding 

p = p(l - ^A 2 ) + 0(X 4 ) , rj = V (l- h 2 ) + (9(A 4 ) , = AX 3 (1 -p-if}) + (9(A 6 ) . (135) 



4.2 Notations 

Several different notations for CP violation parameters are commonly used. This section reviews 
those found in the experimental literature, in the hope of reducing the potential for confusion, 
and to define the frame that is used for the averages. 

In some cases, when B mesons decay into multibody final states via broad resonances (p, 
K*, etc.), the experimental analyses ignore the effects of interference between the overlapping 
structures. This is referred to as the quasi-two-body (Q2B) approximation in the following. 



4.2.1 CP asymmetries 

The CP asymmetry is defined as the difference between the rate involving a b quark and that 
involving a b quark, divided by the sum. For example, the partial rate (or charge) asymmetry 
for a charged B decay would be given as 

Y(B~ ->■ f) - V(B+ 7) , s 

At = — — - J-. 136 

' r(B-^f)+T(B+^f) 



4.2.2 Time-dependent CP asymmetries in decays to CP eigenstates 



If the amplitudes for B° and B° to decay to a final state /, which is a CP eigenstate with 
eigenvalue rjf, are given by Af and Af, respectively, then the decay distributions for neutral B 
mesons, with known flavour at time At = 0, are given by 



rw(At) 



e -|At|/T(B°) 

4r( J B°) 

e -\At\/r(B°) 

Ar{B°) 



2Im(A f ) . /A . . 
1 + 

1 2Im(A f ) . 
1 - rAi sm(AmAt) 



|A,I 2 



l + |A f | 2 



cos(AmAt) 



|A/| 



1+ A 



/I 



.„ cos (Am At) 
1 + IA/l 2 



(137) 
(138) 



Here A/ = contains terms related to B°-B° mixing and to the decay amplitude (the 

eigenstates of the effective Hamiltonian in the B°B° system are \B±) = p \B°) ± q |-B )). This 
formulation assumes CPT invariance, and neglects possible lifetime differences (between the 
eigenstates of the effective Hamiltonian; see Section 13.31 where the mass difference Am is also 
defined) in the neutral B meson system. The case where non-zero lifetime differences are taken 
into account is discussed in Section 14.2.61 The time-dependent CP asymmetry, again defined as 
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the difference between the rate involving a b quark and that involving a b quark, is then given 
by 



A f (At) 



r^/At) -I>^(At) 2Im(A/) 

r 5D _ / (A*) + r B o_ / (At) ~ i + |A/| 2 



- sin(AmAt) 




cos(AmAt). (139) 



While the coefficient of the sin(AmAt) term in Eq. ( 11391) is everywhere^! denoted Sj: 




(140) 



different notations are in use for the coefficient of the cos (Am At) term: 



Cf = ~Af = 




(141) 



The C notation is used by the BABAR collaboration (see e.g. [181j ). and also in this document. 
The A notation is used by the Belle collaboration (see e.g. |182j ). 

Neglecting effects due to CP violation in mixing (by taking \ q/p\ — 1), if the decay amplitude 
contains terms with a single weak (i.e., CP violating) phase then |A/| = 1 and one finds Sf = 
-?7/sin(0 mix + dec ), C f = 0, where mix = arg(g/p) and 4> dcc = aig(A f /A f ). Note th at the B° - 
B° mixing phase mix ~ 2(3 in the Standard Model (in the usual phase convention) [183} 1184] . 

If amplitudes with different weak phases contribute to the decay, no clean interpretation of 
Sf is possible. If the decay amplitudes have in addition different CP conserving strong phases, 
then | Xf | 7^ 1 and no clean interpretation is possible. The coefficient of the cosine term becomes 
non-zero, indicating direct CP violation. The sign of Af as defined above is consistent with 
that of A fin Eq. ffl36l) . 

Frequently, we are interested in combining measurements governed by similar or identical 
short-distance physics, but with different final states (e.g., B° — > J/ipK® and B° — > J/ipK®). 
In this case, we remove the dependence on the CP eigenvalue of the final state by quoting 
—T]Sf. In cases where the final state is not a CP eigenstate but has an effective CP content 
(see below), the reported — r/S is corrected by the effective CP. 

4.2.3 Time-dependent CP asymmetries in decays to vector-vector final states 

Consider B decays to states consisting of two spin-1 particles, such as J/if)K*°(—> K^tt ), 
D* + D*~ and p + p~ , which are eigenstates of charge conjugation but not of parityf^l In fact, for 
such a system, there are three possible final states; in the helicity basis these can be written 
h-x, ho, h + \. The ho state is an eigenstate of parity, and hence of CP; however, CP transforms 
h + i -H- h-i (up to an unobservable phase). In the transversity basis, these states are transformed 
into hn = (h + i+h-x)/2 and h± = (h+\—h-\)/2. In this basis all three states are CP eigenstates, 
and h± has the opposite CP to the others. 

The amplitudes to these states are usually given by Ao ui (here we use a normalization 
such that | ^4.o 1 2 + \ A±\ 2 + |^4||| 2 = 1)- Then the effective CP of the vector-vector state is known 

15 Occasionally one also finds Eq. (|139[) written as Af (At) = Af lx sin( Am At) + Aj" cos(AmAt), or similar. 

16 This is not true of all vector-vector final states, e.g., D* ± p T is clearly not an eigenstate of charge conju- 
gation. 
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if \A±\ 2 is measured. An alternative strategy is to measure just the longitudinally polarized 
component, \A \ 2 (sometimes denoted by /long), which allows a limit to be set on the effective 
CP since |^4_i_| 2 < |^4_i_| 2 + \An | 2 = 1 — \Aq\ 2 . The most complete treatment for neutral B decays 
to vector-vector final states is time-dependent angular analysis (also known as time-dependent 
transversity analysis). In such an analysis, the interference between the CP-even and CP-odd 
states provides additional sensitivity to the weak and strong phases involved. 

In most analyses of time-dependent CP asymmetries in decays to vector-vector final states 
carried out to date, an assumption has been made that each helicity (or transversity) amplitude 
has the same weak phase. This is a good approximation for decays that are dominated by 
amplitudes with a single weak phase, such B° — > J/ipK*°, and is a reasonable approximation 
in any mode for which only very limited statistics are available. However, for modes that have 
contributions from amplitudes with different weak phases, the relative size of these contributions 
can be different for each helicity (or transversity) amplitude, and therefore the time-dependent 
CP asymmetry parameters can also differ. The most generic analysis, suitable for modes with 
sufficient statistics, would allow for this effect; an intermediate analysis can allow different 
parameters for the CP-even and CP-odd components. Such an analysis has been carried out 
by BABAR for the decay B° D* + D*~ [Tg5] . 

4.2.4 Time-dependent asymmetries: self-conjugate multiparticle final states 

Amplitudes for neutral B decays into self-conjugate multiparticle final states such as 7r + 7r~7r , 
K + K~K®, -k + 7t~K®, J/ipTT + iT~ or Dir° with D — > i^g7r + 7r~ may be written in terms of CP-even 
and CP-odd amplitudes. As above, the interference between these terms provides additional 
sensitivity to the weak and strong phases involved in the decay, and the time- dependence de- 
pends on both the sine and cosine of the weak phase difference. In order to perform unbinned 
maximum likelihood fits, and thereby extract as much information as possible from the distri- 
butions, it is necessary to select a model for the multiparticle decay, and therefore the results 
acquire some model dependence (binned, model independent methods are also possible, though 
are not as statistically powerful). The number of observables depends on the final state (and on 
the model used); the key feature is that as long as there are regions where both CP-even and 
CP-odd amplitudes contribute, the interference terms will be sensitive to the cosine of the weak 
phase difference. Therefore, these measurements allow distinction between multiple solutions 
for, e.g., the four values of (3 from the measurement of sin(2/3). 

We now consider the various notations which have been used in experimental studies of 
time-dependent asymmetries in decays to self-conjugate multiparticle final states. 

B o _^ D^h? with D K°7r+7r- 

The states Dtc°, D*n°, Dr], D*r], Duo are collectively denoted D^h°. When the D decay 
model is fixed, fits to the time-dependent decay distributions can be performed to extract the 
weak phase difference. However, it is experimentally advantageous to use the sine and cosine of 
this phase as fit parameters, since these behave as essentially independent parameters, with low 
correlations and (potentially) rather different uncertainties. A parameter representing direct 
CP violation in the B decay can also be floated. For consistency with other analyses, this could 
be chosen to be C/, but could equally well be |A/|, or other possibilities. 

Belle performed an analysis of these channels with sin(20!) and cos(20!) as free parame- 
ters [186] . BABAR have performed an analysis floating also |A/| |187j (and, of course, replacing 
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4>i & (3). 



B° -y D*+D*-K° s 

The hadronic structure of the B° — > D* + D*~ K® decay is not sufficiently well understood to 
perform a full time-dependent Dalitz plot analysis. Instead, following Browder et al. |188j . 
BABAR [189] divide the Dalitz plane in two: m(D* + K° s ) 2 > m(D*-K° s ) 2 (r] y = +1) and 
m(D* + K®) 2 < m(D*~ K^) 2 (j] y = — 1); and then fit to a decay time distribution with asymmetry 
given by 

T T9 7\ 9 I .. 1 

sin(AmAt) . (142) 



A f (At) = 7] y ^- cos(AmAt) 
Jo 



^sin(2/3)+r^cos(2/3) 

^0 ^0 



A similar analysis has also been carried out by Belle |190j . The measured values are 

sin (2/3) and ^ a cos(2/3), where the parameters Jo, Jc, J si and J S 2 are the integrals over 
the half Dalitz plane m(D* + K s ] ) 2 < m(D*~K®) 2 of the functions \a\ 2 + \a\ 2 , \a\ 2 — \a\ 2 , Re(aa*) 
and lm(aa*) respectively, where a and a are the decay amplitudes of B° — > D* + D*~ K° s and 
B° — > D* + D*~ K® respectively. The parameter J s2 (and hence J s il Jo) is predicted to be positive; 
with this assumption is it possible to determine the sign of cos(2/3). 

B° /\ K K° 

Studies of B° K + K~K° [Ml [Ml 1231 and of the related decay B + K+K~K+ [M 
195J, show that the decay is dominated by components from the intermediate K + K~ reso- 
nances 0(1020), /o(980), a poorly understood scalar structure that peaks near m(K + K~) ~ 
1550 MeV/c 2 and is denoted X (1550), as well as a large nonresonant contribution. There is 
also a contribution from \co- 

The full time-dependent Dalitz plot analysis allows the complex amplitudes of each con- 
tributing term to be determined from data, including CP violation effects [i.e. allowing the 
complex amplitude for the B° decay to be independent from that for B° decay), although one 
amplitude must be fixed to give a reference point. There are several choices for parametrization 
of the complex amplitudes (e.g. real and imaginary part, or magnitude and phase). Similarly, 
there are various approaches to include CP violation effects. Note that positive definite parame- 
ters such as magnitudes are disfavoured in certain circumstances (they inevitably lead to biases 
for small values). In order to compare results between analyses, it is useful for each experiment 
to present results in terms of the parameters that can be measured in a Q2B analysis (such as 
A f , S f , C f , sin(2/3 eff ), cos(2/3 eff ), etc.) 

In the BABAR analysis of B° — > K + K~K° |191l I192j . the complex amplitude for each 
resonant contribution is written as 

A f = c f (l + b f )e^f + W , A f = c f (l - b f )e^f- 5 ^ , (143) 

where bf and Sf introduce CP violation in the magnitude and phase respectively. [The weak 

phase in B°-B mixing (2/3) also appears in the full formula for the time-dependent decay 
distribution.] The Q2B direct CP violation parameter is directly related to bf 

—Ibt 

A i = T+if, ~ Cf ' (144) 
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and the mixing-induced CP violation parameter can be used to obtain sin(2/3 eff ) 

~ vfy ~ Y^rj| sin ( 2 Pf) > (145) 

where the approximations are exact in the case that \q/p\ = 1. 

BAB4R |191[ 1192] present results for Cf, (fif, Af and /3 eff for each resonant contribution, as 
well as averaged values of Af and /3 eff for the entire K + K~K° Dalitz plot. Belle |193] present 
results for the resonant contributions only. 

B° ~+ 7T + 7T-K° S 

Studies of B° ->■ tt+tt - ^ [Ml [LW] and of the related decay B + -> ^+7^^+ [HH 11551 
199. 1200] show that the decay is dominated by components from intermediate resonances in the 
Ktt (AT*(892), K *(1430)) and vrvr (p(770), /o(980), / 2 (1270)) spectra, together with a poorly 
understood scalar structure that peaks near mijnt) ~ 1300 MeV/c 2 and is denoted /x(1300) 
(that could be identified as either the / (1370) or / (1500)), and a large nonresonant component. 
There is also a contribution from the Xco state. 

The full time-dependent Dalitz plot analysis allows the complex amplitudes of each con- 
tributing term to be determined from data, including CP violation effects. In the BABAR 
analysis [196] . the magnitude and phase of each component (for both B° and B° decays) are 
measured relative to B° — > fo(980)K®, using the following parameterisation 

A f = \A f \ e iav ^ A i ] , A f = \A f \e iai *&ri . (146) 

In the Belle analysis [197J, the B° — > K* + tt~ amplitude is chosen as the reference, and the 
amplitudes are parameterised as 

A f = o/(l + Cf)e i(b f +d f ] , A f = a/(l - c / )e < ^- d ^ . (147) 

In both cases, the results are translated into quasi-two-body parameters such as 2f3j S , Sf, Cf 
for each CP eigenstate /, and direct CP asymmetries for each flavour-specific state. Relative 
phase differences between resonant terms are also extracted. 

The -B — > 7T + 7r _ 7r° decay is dominated by intermediate p resonances. Though it is possible, 
as above, to determine directly the complex amplitudes for each component, an alternative 
approach [HD IZD2] . has been used by both BABAR [203] and Belle [201 HE]. The amplitudes 
for B° and B° to 7r + 7r~7r° are written 

A 37T = f + A + + f.A. + } Q A , A 3n = f + A + + f_A_ + f A (148) 

respectively. A + , A_ and Aq represent the complex decay amplitudes for B° — > p + 7i~, B° — > 
p~n + and B° — > p°7r° while A + , A_ and Aq represent those for B° — > p + 7i~, B° — > p~7i + 
and B° — > p°7r° respectively. / + , /_ and fo incorporate kinematical and dynamical factors and 
depend on the Dalitz plot coordinates. The full time-dependent decay distribution can then 
be written in terms of 27 free parameters, one for each coefficient of the form factor bilinears, 
as listed in Table [HO These parameters are often referred to as "the Us and Is" , and can be 
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expressed in terms of A + , A_, A , A + , A_ and A . If the full set of parameters is determined, 
together with their correlations, other parameters, such as weak and strong phases, direct CP 
violation parameters, etc., can be subsequently extracted. Note that one of the parameters 
(typically U+) is often fixed to unity to provide a reference point; this does not affect the 
analysis. 

Parameter Description 
Ul Coefficient of |/+| 2 

f/ + Coefficient of j/ | 2 

UZ Coefficient of | /_ | 2 

U Coefficient of | f \ 2 cos(AmAt) 

UZ Coefficient of |/_ | 2 cos(AmAt) 

UZ Coefficient of | /+ 1 2 cos( Am At) 

Iq Coefficient of | fo | 2 sin (Am At) 

J_ Coefficient of |/_ | 2 sin(AmAt) 

1+ Coefficient of | /+ 1 2 sin(AmAt) 

UX'l m Coefficient of Im[/+/*] 

Ul^ Coefficient of Re [f+ f* ) 

U+ M Coefficient of Im[/+/*j cos(AmAt) 

UZ^ C Coefficient of Re [/+/*] cos(AmAt) 

4 m Coefficient of Im[/+/*] sin(AmAt) 

I*t Coefficient of Re [/+/*] sin(AmAt) 

UXi m Coefficient of Im [/+/*] 

^+6 Re Coefficient of Re[/+/ *] 

£/~^ m Coefficient of Im[/+/£] cos(AmAt) 

?7^ Re Coefficient of Re[/+/ *] cos(AmAt) 

Coefficient of Im[/+/ *] sin(AmAt) 

Coefficient of Re[/+/ *] sin(AmAt) 

UXo m Coefficient of Im [/_/*] 

t^tf 6 Coefficient of Re[/_/ *] 

£Q Im Coefficient of Im[/_/£] cos(AmAt) 

ET^ Coefficient of Re [/_ / Q *j cos( Am At) 

Coefficient of Im[/_/£] sin(AmAt) 
I R g Coefficient of Re[/_/ *] sin(AmAt) 

Table 19: Definitions of the U and I coefficients. Modified from [203J. 



4.2.5 Time-dependent CP asymmetries in decays to non-CP eigenstates 

Consider a non-CP eigenstate /, and its conjugate /. For neutral B decays to these final 
states, there are four amplitudes to consider: those for B° to decay to / and / (Af and Aj, 
respectively), and the equivalents for B° (Af and Aj). If CP is conserved in the decay, then 
A f = Aj and Aj = A f . 



60 



The time-dependent decay distributions can be written in many different ways. Here, we 
follow Sec. 14.2.21 and define A/ = and A- = ^^3. The time-dependent CP asymmetries 
then follow Eq. 11155]) : 

raw* (At) - i>^(At) 

.A, At) ee fl ^ A , , p B J A , = 5 / sin(AmAt)-C / cos(AmAt), (149) 
1 B0^./(AtJ + 1 £(>_>/ (At) 

ro ^ 7 (At) - r R0 ^ 7 (At) 

^(At) = r 7 A , ■ r / a ,\ = 5 7 sin(AmAt)-C 7 cos(AmAt), (150) 

with the definitions of the parameters C/, Sj, Cj and Sj, following Eqs. (j!40p and ( 1141 p . 
The time-dependent decay rates are given by 

(1 + (A fJ )) {1 + S f sin(AmAt) - Cf cos(AmAt)} , (151) 
(1 + (A fJ )) {1 - S f sin(AmAt) + C) cos(AmAt)} , (152) 
(1 - (Afj)) {1 + S 7 sin(AmAt) - C 7 cos(AmAt)} , (153) 

(1 - (Afj)) {l - Sj sin (Am At) + Cj cos (Am At)} , (154) 

where the time-independent parameter (Afj) represents an overall asymmetry in the production 
of the / and / final statesr^l 





,/(At) = 


e -|At|/r(B°) 


8r(B°) 


T B o- 


./(At) = 


e -\At\/r(B°) 


8r(B°) 




,/(At) = 


e -|At|/r(B°) 


8r(B°) 


r fl0 _ 


,/(At) = 


e -|At|/r(B°) 


8r(B°) 



(\ A f\ 2 +\Af\ 2 )-(\A 7 \ 2 + \A 7 \ 



A t\ + \ A f \ ) + {\ A 7\ +\ A 7\ 

Assuming \q/p\ = 1, the parameters Cf and Cj can also be written in terms of the decay 
amplitudes as follows: 

\A f \ 2 -\A f \ 2 \Aj\ 2 -\Aj\ 2 
C f= \ \ 2 ' 2 ^d Cj= /' LZI , (156) 

giving asymmetries in the decay amplitudes of B° and _B° to the final states / and / respectively. 
In this notation, the direct CP invariance conditions are (Afj) = and Cf = —Cj. Note 
that Cf and Cj are typically non-zero; e.g., for a flavour-specific final state, Af = A 7 = 
(Ay = Z 7 = 0), they take the values C f = -Cj = 1 (C f = -Cj = -1). 

The coefficients of the sine terms contain information about the weak phase. In the case 
that each decay amplitude contains only a single weak phase (i.e., no direct CP violation), 
these terms can be written 



-2 


Af 




A 


f 


sin(0 mix + <f) dcc — Sf) 




Af 


2 + 


Af 


2 



S f = JJ and Sj 



-2 


A f 




A f 


sin(0 mix + dcc + 5 f ) 




A f 


2 + 


Aj 


2 



(157) 



17 This parameter is often denoted Af (or *4cp)i but here we avoid this notation to prevent confusion with 
the time-dependent CP asymmetry. 
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where 5/ is the strong phase difference between the decay amplitudes. If there is no CP 
violation, the condition Sf = — Sj holds. If decay amplitudes with different weak and strong 
phases contribute, no clean interpretation of Sf and Sj is possible. 

Since two of the CP invariance conditions are Cf = —Cj and Sf = —Sj, there is motivation 
for a rotation of the parameters: 



s f -\- Sj Sf — Sy Cf + c~f Cf — c~f 

Sfj = - , ASfj = - , Cfj = - , ACfj = - . (158) 



With these parameters, the CP invariance conditions become Sfj = and Cfj = 0. The 
parameter AC fj gives a measure of the "flavour-specificity" of the decay: AC fj = ±1 corre- 
sponds to a completely flavour-specific decay, in which no interference between decays with and 
without mixing can occur, while AC fj = results in maximum sensitivity to mixing-induced 
CP violation. The parameter ASfj is related to the strong phase difference between the decay 
amplitudes of B° to / and to /. We note that the observables of Eq. (I158P exhibit experi- 
mental correlations (typically of ~ 20%, depending on the tagging purity, and other effects) 
between Sfj and ASfj, and between Cfj and ACfj. On the other hand, the final state specific 
observables of Eq. ( 1149P tend to have low correlations. 

Alternatively, if we recall that the CP invariance conditions at the decay amplitude level 
are Af — Aj and Aj = Af, we are led to consider the parameters |206] 

\A 7 \ 2 -\A f \ 2 \A f \ 2 -\A 7 \ 2 
A fl = and A lf = t-L±- L^l (159) 

\Aj\ 2 + \A f \ 2 N +N 

These are sometimes considered more physically intuitive parameters since they characterize 
direct CP violation in decays with particular topologies. For example, in the case of B° — > p ± n T 
(choosing / = p + n~ and / = p~ir + ), Afj (also denoted A^~) parameterizes direct CP violation 
in decays in which the produced p meson does not contain the spectator quark, while Ajf (also 
denoted A~J~) parameterizes direct CP violation in decays in which it does. Note that we 
have again followed the sign convention that the asymmetry is the difference between the rate 
involving a b quark and that involving a b quark, cf. Eq. (11361) . Of course, these parameters 
are not independent of the other sets of parameters given above, and can be written 

(A, 7 ) + C !j +(A fJ )AC n -(A n ) + C n +(Afj)AC n 

f > " l + A% + <%>% *»- -l + AC f7+ (A f7 )C fJ ■ {m > 

They usually exhibit strong correlations. 

We now consider the various notations which have been used in experimental studies of 
time-dependent CP asymmetries in decays to non-CP eigenstates. 

The above set of parameters ((Afj), Cf, Sf, Cj, Sj), has been used by both BABAR |185] 
and Belle [207] in the D* ± D T system (/ = D* + D~, J = D*-D + ). However, slightly different 
names for the parameters are used: BABAR uses (A, C + _, S + _, C_ + , Belle uses (^4, C + , 

S + , C_, S^). In this document, we follow the notation used by BABAR. 
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In the p ± 7r T system, the ((Ajj), Cfj, Ssj, ACfj, ASfj) set of parameters has been used 
originally by BABAR [208] and Belle |209j . in the Q2B approximation; the exact namej^l used 
in this case are (Aqp, C p7T , S pn , AC pn , AS pn ), and these names are also used in this document. 

Since p ± 7r =F is reconstructed in the final state 7r + 7r~7r°, the interference between the p reso- 
nances can provide additional information about the phases (see Sec. I4.2.4jl . Both BABAR [203J 
and Belle [2041 I.205J have performed time-dependent Dalitz plot analyses, from which the weak 
phase a is directly extracted. In such an analysis, the measured Q2B parameters are also 
naturally corrected for interference effects. See Sec. 14.2.41 

Time-dependent CP analyses have also been performed for the final states D ± tt t , D* ±r K T 
and D ± p =F . In these theoretically clean cases, no penguin contributions are possible, so there 
is no direct CP violation. Furthermore, due to the smallness of the ratio of the magnitudes 
of the suppressed (6 — > it) and favoured {b — >■ c) amplitudes (denoted Rf), to a very good 
approximation, Cf = —Cj = 1 (using / = D^~h + , f = D^ + h~ h = 7r, p), and the coefficients 
of the sine terms are given by 

S f = -2i?/sin(0 mix + (p dec - S f ) and Sj = -2R f sin(0 mix + dec + 5 f ). (161) 

Thus weak phase information can be cleanly obtained from measurements of Sf and Sj, al- 
though external information on at least one of Rf or 5j is necessary. (Note that mix + 0dec = 
2/3 + 7 f° r au the decay modes in question, while Rf and 5f depend on the decay mode.) 

Again, different notations have been used in the literature. BABAR [2101 1211] defines the 
time-dependent probability function by 

e -|At|/r 

/ ± (r/, At) = ^ [1 =f S ( sin(AmAt) =f r?C c cos(AmAt)] , (162) 

where the upper (lower) sign corresponds to the tagging meson being a B° (B°). [Note here 
that a tagging B° (B°) corresponds to — (+S^).] The parameters rj and ( take the values 
+ 1 and + (—1 and — ) when the final state is, e.g., D~n + (D + tt~). However, in the fit, the 
substitutions C^ — 1 and = a =F — V c i are made0 [Note that, neglecting b terms, 
S + = a — c and S_ = a + c, so that a = (S+ + S-)/2, c = (5_ — S+)/2, in analogy to the 
parameters of Eq. (11581) .] The subscript i denotes the tagging category. These are motivated by 
the possibility of CP violation on the tag side [212j . which is absent for semileptonic B decays 
(mostly lepton tags). The parameter a is not affected by tag side CP violation. The parameter 
b only depends on tag side CP violation parameters and is not directly useful for determining 
UT angles. A clean interpretation of the c parameter is only possible for lepton-tagged events, 
so the BABAR measurements report c measured with those events only. 

The parameters used by Belle in the analysis using partially reconstructed B decays [213] . 
are similar to the parameters defined above. However, in the Belle convention, a tagging B° 
corresponds to a + sign in front of the sine coefficient; furthermore the correspondence between 
the super /subscript and the final state is opposite, so that S± (BABAR) = —S T (Belle). In this 
analysis, only lepton tags are used, so there is no effect from tag side CP violation. In the 

18 BaBAR, has used the notations A p ^ p [208] and A p ^ |203] in place of A p J p . 

19 The subscript i denotes tagging category. 
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Table 20: Conversion between the various notations used for CP violation parameters in the 
D ± 7r Zf , D* ± 7r =F and D ± p T systems. The 6j terms used by BABAR have been neglected. Recall 
that (a,/3,7) = (0 2 , 0i, 3 )- 







BABAR 


Belle partial rec. 


Belle full rec. 




-SI 


= -(a + q) 


N/A 


2R Dn sin(20i + 3 + 8 Dv ) 


SD-7T + 


-s + 


= -(a - q) 


N/A 


2R DlT sin (20i + 3 - 5 Dn ) 


Sd*+tt~ 


-s_ 


= — (a + q) 


S + 


-2R D * n sin(20i + 3 + <W) 


Sd*~tt+ 


-s+ 


= -(a - q) 


s~ 


-2R D * n sin(20i + 3 - 8 D * n ) 


Sd+ p - 


-S_ 


= -(a + d) 


N/A 


N/A 


Sd- p + 


-s+ 


= -(a - q) 


N/A 


N/A 



Table 21: Translations used to convert the parameters measured by Belle to the parameters 
used for averaging in this document. The angular momentum factor L is —1 for D*tt and +1 
for Dir. Recall that (a,P,j) = (02,01,03)- 



D*7r partial rec. 








DWtt full 


rec. 




a -(S+ + S-) 
c -(S+ - S~) 


( 


(2 J R D( „ W 
-l)^ 1 (2R DMn 


sin(20i + 
sin(20i + 


^3 + 5ijW^ 
#3 + ^Wtt] 


+ 2 J R D( , )7r sin(20i + ( 
- 2 J R z? <.) 7r sin(20i + « 


fa - <W)tt)) 

- ^DM J) 



Belle analysis using fully reconstructed B decays |214j . this effect is measured and taken into 
account using D*lv decays; in neither Belle analysis are the a, b and c parameters used. In the 
latter case, the measured parameters are 2R D (,) n sin(20i + 3 ± 5 D (*) n ); the definition is such 
that S^ 1 (Belle) = — 2R D * V sin(20i + 3 ± 5 £>•■*)■ However, the definition includes an angular 
momentum factor (— 1) L |215j . and so for the results in the Dtx system, there is an additional 
factor of —1 in the conversion. 

Explicitly, the conversion then reads as given in Table EHl where we have neglected the hi 
terms used by BABAR (which are zero in the absence of tag side CP violation). For the averages 
in this document, we use the a and c parameters, and give the explicit translations used in 
Table [21] It is to be fervently hoped that the experiments will converge on a common notation 
in future. 

Time- dependent asymmetries in radiative B decays 

As a special case of decays to non-CP eigenstates, let us consider radiative B decays. Here, 
the emitted photon has a distinct helicity, which is in principle observable, but in practice is 
not usually measured. Thus the measured time-dependent decay rates are given by [21611 1217] 

rw 7 (At) = r^ X7i (At) + r^ X7fl (At) (163) 

e -|At|/r(B°) 



{1 + (S L + S R ) sin(AmAt) - (C L + C R ) cos(AmAt)} 



Ar(B°) 

r B o_^ 7 (At) = T B o^ /L (At) + T B o^ XlR (At) (164) 

-|At|/r(B°) 

= 4r(jE?0) {1 - (S L + S R ) sin(AmAi) + (C L + C R ) cos(AmAt)} , 
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where in place of the subscripts / and / we have used L and R to indicate the photon helicity. 
In order for interference between decays with and without B°-B° mixing to occur, the X system 
must not be flavour-specific, e.g., in case of B° — > K* 0, y, the final state must be K s tt q ^. The sign 
of the sine term depends on the C eigenvalue of the X system. At leading order, the photons 
from b — > ^7 (b — > qj) are predominantly left (right) polarized, with corrections of order of 
Trig/nib, thus interference effects are suppressed. Higher order effects can lead to corrections of 
order Aqcu/n^b |2181 1219] . though explicit calculations indicate such corrections are small for 
exclusive final states [220, 22 lj. The predicted smallness of the S terms in the Standard Model 
results in sensitivity to new physics contributions. 



4.2.6 Time-dependent CP asymmetries in the B s System 

A complete analysis of the time-dependent decay rates of neutral B mesons must also take into 
account the lifetime difference between the eigenstates of the effective Hamiltonian, denoted 
by AT. This is particularly important in the B s system, since non- negligible values of Ar s are 
expected (see Section f3.3l for the latest experimental constraints). Neglecting CP violation in 
mixing, the relevant replacements for Eqs. 11371 & 11381 are |150] 

'AT At** 



sin{ AmAt) - cos(AmAt) - ^ sinh(^; 



(165) 



and 



• AFAf* 



r B o^ / (At)=AT^^[cosh( 

' sin(AmAt) + cos(AmAt) - ^ sinh(^) 



n (166) 

To be consistent with our earlier notation]^ we write here the coefficient of the sinh term 

as 

*" = -n& (167) 

A complete, tagged, time-dependent analysis of CP asymmetries in B s decays to a CP eigenstate 
/ can thus obtain the parameters Sf, Cf and A^ r . Note that 

(S f ) 2 + (C f ) 2 +{Af) 2 = l. (168) 

Since these parameters have sensitivity to both Im(A/) and Re(A/), alternative choices of 
parametrization, including those directly involving CP violating phases (such as (3 S ), are possi- 
ble. These can also be adopted for vector-vector final states. 
The untagged time-dependent decay rate is given by 



_ e -|At|/r(B s °) 



/AfAA 2Re(A/) . fATAt\ 



IWA*) + T B ^ f (At) = Af [cosh \^— r - j - sinh (^^- j j . (169) 



20 As ever, alternative and conflicting notations appear in the literature. One popular alternative notation 
for this parameter is Aaf- Particular care must be taken over the signs. 
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With the requirement f_™ T Bs _^JAt) + T B o^f(At)d(At) = 1, the normalization factor Af is 
fixed to 1 — (^j?) 2 . Note that an untagged time-dependent analysis can probe A/, through 
Re(A/), when Ar 7^ 0. The tagged analysis is, of course, more sensitive. 

Other expressions can be similarly modified to take into account non-zero lifetime differ- 
ences. Note that when the final state contains a mixture of CP-even and CP-odd states (as, for 
example, for vector- vector or multibody self-conjugate states), that Re(A/) contains terms pro- 
portional to both the sine and cosine of the weak phase difference, albeit with rather different 
sensitivities. 



4.2.7 Asymmetries in B — > _D<*).Rr(*) decays 

CP asymmetries in B — > D^*'K^*' decays are sensitive to 7. The neutral meson produced 
is an admixture of P)M° (produced by a b — > c transition) and D^*'° (produced by a colour- 
suppressed b — > u transition) states. If the final state is chosen so that both Z?M° and 
can contribute, the two amplitudes interfere, and the resulting observables are sensitive to 7, 
the relative weak phase between the two B decay amplitudes |222j . Various methods have been 
proposed to exploit this interference, including those where the neutral D meson is reconstructed 
as a CP eigenstate (GLW) [2231 [221], in a suppressed final state (ADS) [2251 1226], or in a self- 
conjugate three-body final state, such as Ag7r + 7r~ (Dalitz) |227[ 1228] . It should be emphasised 
that while each method differs in the choice of D decay, they are all sensitive to the same 
parameters of the B decay, and can be considered as variations of the same technique. 

Consider the case of B T — > DK T , with D decaying to a final state /, which is accessible to 
both D° and D°. We can write the decay rates for B~ and B + (r T ), the charge averaged rate 
(r = (r_ + r + )/2) and the charge asymmetry (A = (r_ — T + )/ (r_ + T + ), see Eq. (I136jl ) as 

T T oc r 2 B + r 2 D + 2r B r D cos (5 B + S D Tl), (170) 
T oc r| + r 2 D + 2r B r D cos (5 B + S D ) cos (7) , (171) 
A = 2r B r D sin (5 B + 5 D ) sin (7) 

r B + r D + 2r B r D cos (S B + 8 D ) cos (7) , 

where the ratio of B decay amplitude^ 2 "*] is usually defined to be less than one, 

\A(B- -> D°K-)\ 
rB = \a\b- ^ D>K-)\ < (173) 

and the ratio of D decay amplitudes is correspondingly defined by 

ro = 1^4. (174) 
\A(D°->f)\ ' 

The strong phase differences between the B and D decay amplitudes are given by 5 B and 5d, 
respectively. The values of r D and 5b depend on the final state /: for the GLW analysis, r D = 1 
and 5d is trivial (either zero or tc), in the Dalitz plot analysis and 5 B vary across the Dalitz 



21 Note that here we use the notation to denote the ratio of B decay amplitudes, whereas in Sec. 14.2.51 
we used, e.g., Rd-k, for a rather similar quantity. The reason is that here we need to be concerned also with D 
decay amplitudes, and so it is convenient to use the subscript to denote the decaying particle. Hopefully, using 
r in place of R will help reduce potential confusion. 
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plot, and depend on the D decay model used, for the ADS analysis, the values of r D and 5d 
are not trivial. 

Note that, for given values of r# and 7"d, the maximum size of A (at sin (5b + 5d) — 1) is 
2rsr£)sin (7) / [r B + r 2 D ). Thus even for D decay modes with small Tp, large asymmetries, and 
hence sensitivity to 7, may occur for B decay modes with similar values of r B . For this reason, 
the ADS analysis of the decay B T — > Dtt t is also of interest. 

In the GLW analysis, the measured quantities are the partial rate asymmetry, and the 
charge averaged rate, which are measured both for CP-even and CP-odd D decays. The former 
is defined as 

2T{B'^D CP K-) 
RcP = T(B-^DOK-) ■ (175) 
It is experimentally convenient to measure Rcp using a double ratio, 

p _ E (B- -» DcpK-) I T (B~ — >■ D°K-) 

RcP ~ T(B-^D CP n-) /Y(B-^DH-) (176) 

that is normalized both to the rate for the favoured D° — » K~n + decay, and to the equivalent 
quantities for B~ — > Dtt~ decays (charge conjugate modes are implicitly included in Eq. (j!75p 
and ( I176P ). In this way the constant of proportionality drops out of Eq. (j!7ip . Eq. (j!76p is exact 
in the limit that the contribution of the b — > u decay amplitude to B~ — > Dn~ vanishes and 
when the flavour-specific rates T (B~ — > D°h~) (h = ir, K) are determined using appropriately 
flavour-specific D decays. The direct CP asymmetry is defined as 

, r (B- -> D CP K-) - r (B+ -» D CP K+) 
CP r (B~ — > DcpK") + T (B+ — >■ D CP K+) ' { } 

For the ADS analysis, using a suppressed D f decay, the measured quantities are again 
the partial rate asymmetry, and the charge averaged rate. In this case it is sufficient to measure 
the rate in a single ratio (normalized to the favoured D —¥ f decay) since detection systematics 
cancel naturally; the observed quantity is then 

Pads = — 7 J— \ D r j (178) 

Y{B-^[f\ D K-)' 

where inclusion of charge conjugate modes is implied. The direct CP asymmetry is defined as 

P _ T(B-^[f] D K-)-T(B+^lf} D K+) 

ADS r (b- -> [f] D k-) + r (p+ • 11 

In the ADS analysis, there are an additional two unknowns (ro and 8d) compared to the GLW 
case. However, the value of can be measured using decays of D mesons of known flavour. 

In the Dalitz plot analysis, once a model is assumed for the D decay, which gives the values 
of r_D and Sd across the Dalitz plot, it is possible to perform a simultaneous fit to the B + 
and B~ samples and directly extract 7, r B and 5b- However, the uncertainties on the phases 
depend approximately inversely on r^. Furthermore, tb is positive definite (and small), and 
therefore tends to be overestimated, which can lead to an underestimation of the uncertainty. 
Some statistical treatment is necessary to correct for this bias. An alternative approach is to 
extract from the data the "Cartesian" variables 

(x±, y±) = (Re(r B e i(<5s±7) ), Im(r B e i(<5s±7) )) = (r B cos(5 B ±-y),r B sin(5 B ± 7)) • (180) 
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These are (a) approximately statistically uncorrelated and (b) almost Gaussian. The pairs of 
variables (x±, y±) can be extracted from independent fits of the B ± data samples. Use of these 
variables makes the combination of results much simpler. 

However, if the Dalitz plot is effectively dominated by one CP state, there will be ad- 
ditional sensitivity to 7 in the numbers of events in the B^ 1 data samples. This can be 
taken into account in various ways. One possibility is to extract GLW-like variables in ad- 
dition to the (x±,y±) parameters. An alternative proceeds by defining z± — x± + iy± and 
xo = — j Re [f(si, S2)f*(s2, si)] ds\ds2i where S\,S2 are the coordinates of invariant mass 
squared that define the Dalitz plot and / is the complex amplitude for D decay as a func- 
tion of the Dalitz plot coordinates^ The fitted parameters (p ± ,9 ± ) are then defined by 

p ± e w± = z± - x . (181) 

Note that the yields of B ± decays are proportional to 1 + (p^) 2 — (xo) 2 . This choice of variables 
has been used by BABAR in the analysis of B T ->■ DK T with D -> 7r + 7r~7r° [232j ; for this D 
decay, x = 0.850. 

The relations between the measured quantities and the underlying parameters are summa- 
rized in Table [221 Note carefully that the hadronic factors vb and 5b are different, in general, 
for each B decay mode. 



Table 22: Summary of relations between measured and physical parameters in GLW, ADS and 
Dalitz analyses of B -»■ DWtfW. 





GLW analysis 


Rcp± 


1 + r| ± 2r B cos (5 B ) cos (7) 


Acp± 


±2r B sin (S B ) sin (7) / R C p± 




ADS analysis 


Rads 


r B + r D + 2r BTD COS {5 B + 5 D ) COS (7) 


^4ads 


2r B r D sin (5 B + 5 D ) sin (7) / i? A DS 




Dalitz analysis (D — > K®7t + tt~) 


x± 


r B cos(5 B ± 7) 


y± 


r B sin(5 B ± 7) 


p ± 


Dalitz analysis (D — > 7r + 7r~7r°) 


\z± - x \ 


e ± 


tan _1 (Im(^±)/(Re(z±) — xq)) 



4.3 Common inputs and error treatment 

The common inputs used for rescaling are listed in Table 1231 The B° lifetime (t(B )) and mixing 
parameter (Am<f) averages are provided by the HFAG Lifetimes and Oscillations subgroup 
(Sec. Ej). The fraction of the perpendicularly polarized component (|AjJ 2 ) in B — > J/tp K*(892) 
decays, which determines the CP composition, is averaged from results by BABAR |233j and 
Belle |234] . See also HFAG B to Charm Decay Parameters subgroup (Sec. [6]). 

22 The xo parameter is closely related to the Ci parameters of the model dependent Dalitz plot analysis |227l 
12291 [230 . and the coherence factor of inclusive ADS-type analyses [231] . integrated over the entire Dalitz plot. 
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At present, we only rescale to a common set of input parameters for modes with reasonably 
small statistical errors (b — > ccs transitions). Correlated systematic errors are taken into 
account in these modes as well. For all other modes, the effect of such a procedure is currently 
negligible. 

Table 23: Common inputs used in calculating the averages. 

r(B°) (ps) 1.530 ±0.008 

Am d (ps- 1 ) 0.507 ±0.004 
\A ± \ 2 (J/xp K*) 0.219 ±0.009 



As explained in Sec. HJ we do not apply a rescaling factor on the error of an average that has 
X 2 /dof > 1 (unlike the procedure currently used by the PDG [5]). We provide a confidence level 
of the fit so that one can know the consistency of the measurements included in the average, 
and attach comments in case some care needs to be taken in the interpretation. Note that, in 
general, results obtained from data samples with low statistics will exhibit some non-Gaussian 
behaviour. We average measurements with asymmetric errors using the PDG [5] prescription. 
In cases where several measurements are correlated (e.g. Sf and Cf in measurements of time- 
dependent CP violation in B decays to a particular CP eigenstate) we take these into account in 
the averaging procedure if the uncertainties are sufficiently Gaussian. For measurements where 
one error is given, it represents the total error, where statistical and systematic uncertainties 
have been added in quadrature. If two errors are given, the first is statistical and the second 
systematic. If more than two errors are given, the origin of the additional uncertainty will be 
explained in the text. 
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4.4 Time-dependent asymmetries in b — > ccs transitions 

4.4.1 Time-dependent CP asymmetries in b — > ccs decays to CP eigenstates 

In the Standard Model, the time-dependent parameters for b — > ccs transitions are predicted 
to be: Sb^ccs = — ?/sin(2/3), Cb~> C cs = to very good accuracy. The averages for —rjSb^ccs and 
Chiefs are provided in Table EH The averages for —rjSb^ccs are shown in Fig. [TTJ 

Both BABAR and Belle have used the r] = -1 modes J/ipK®, ip{2S)K° s , XaK s and r] c K°, as 
well as J/ipK®, which has rj = +1 and J/if)K*° (892), which is found to have 7] close to +1 based 
on the measurement of \A±_\ (see Sec. I4.3p . ALEPH, OPAL and CDF used only the J/ipK Q s 
final state. In the latest result from Belle [235J, only J/ipK° s and J/ipK® are used, while results 
from tp(2S)K® have been presented separately [236J. BABAR have also determined the CP- 
violation parameters of the B° — > XcqK® decay from the time-dependent Dalitz plot analysis of 
B° — > 7t + 7t~K® (see subsection 14.6.21) [196]. A breakdown of results in each charmonium-kaon 
final state is given in Table [251 



Table 24: S b ^ C cs and C b ^ C cs- 



Experiment 




N(BB) 


V^b— ¥CCS 




BABAR 


|237| 


465M 


0.687 ±0.028 ±0.012 


0.024 ±0.020 ±0.016 


BABAR XcoK° s 


|196| 


383M 


0.690 ± 0.520 ± 0.040 ± 0.070 


-0.290 lg;^± 0.030 ±0.050 


BABAR J/ipK° I 


;*) |238| 


88M 


1.560 ±0.420 ±0.210 




Belle J/^pK° 


|235| 


535M 


0.642 ±0.031 ±0.017 


-0.018 ±0.021 ±0.014 


Belle ^(2$)K° S 


[236j 


657M 


0.718 ±0.090 ±0.031 


-0.039 ±0.069 ±0.0 


B factory average 




0.672 ±0.023 


0.004 ±0.019 


Confidence level 






0.30 


0.51 


ALEPH 


|239| 




0.84 +^±0.16 




OPAL 
CDF 


|24()| 
1241J 




3.2 +^±0.5 
79 +0 ' 41 

U- ' » „o.44 




Average 






0.673 ±0.023 


0.004 ±0.019 



* This result uses "hadronic and previously unused muonic decays of the J/i/j" . We neglect a small 
possible correlation of this result with the main BABAR result [237J that could be caused by reprocessing 
of the data. 

It should be noted that, while the uncertainty in the average for —r/Sb^ccs is still limited by 
statistics, that for Cb-> C cs is close to being dominated by systematics. This occurs due to the 
possible effect of tag side interference on the Cb^ccs measurement, an effect which is correlated 
between the different experiments. Understanding of this effect may continue to improve in 
future, allowing the uncertainty to reduce. 

From the average for —rjSb^ccs above, we obtain the following solutions for (3 (in [0, 7r]): 

p = (21.1 ±0.9)° or = (68.9 ± 0.9)° (182) 

In radians, these values are P = (0.368 ± 0.016), = (1.203 ± 0.016). 

This result gives a precise constraint on the (p, ff) plane, as shown in Fig. [TTJ The measure- 
ment is in remarkable agreement with other constraints from CP conserving quantities, and 
with CP violation in the kaon system, in the form of the parameter ex- Such comparisons have 
been performed by various phenomenological groups, such as CKMfitter |206] and UTFit |242j . 
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Table 25: Breakdown of B factory results on Sb^ccs and Cb^ccs- 



ivioue 




Af( R R"l 




c 








DlDin 

dAjdAIx, 




J/lpK s 


|237| 


4001V1 


U.oiw ± U.Uoo ± U.Ulz 


U.Uzo ± U.UzO ± U.UlO 


J/ipK L 


|OQ7| 

|237| 


4D0M 


U.oy4 ± U.Uol ± U.Uol 


—U.Uoo ± U.UoU ± U.UZt 


J/ipK" 


|237| 


465M 


0.666 ± 0.031 ± 0.013 


0.016 ± 0.023 ± 0.018 


i>(2S)K° s 


|237| 


465M 


0.897 ±0.100 ±0.036 


0.089 ± 0.076 ± 0.020 


XdK° s 


|237| 


465M 


0.614 ±0.160 ±0.040 


0.129 ±0.109 ±0.025 


Vc^s 


|237| 


465M 


0.925 ±0.160 ±0.057 


0.080 ±0.124 ±0.029 


J/ijK* (892) 


|237| 


465M 


0.601 ±0.239 ±0.087 


0.025 ±0.083 ±0.054 


All 


12371 


465M 


0.687 ±0.028 ±0.012 


0.024 ±0.020 ±0.016 



J/tpK° 5 

J/xjjK° 

All 



|235| 


535M 


|235| 


535M 


|235| 


535M 


|236| 


657M 


[236J 





Belle 
0.643 ± 0.038 stat 
0.641 ± 0.057 stat 
0.642 ±0.031 ±0.017 
0.718 ±0.090 ±0.033 
0.650 ±0.029 ±0.015 



0.001 ± 0.028 stat 
-0.045 ± 0.033 stat 
-0.018 ±0.021 ±0.014 
-0.039 ± 0.069 ± 0.049 



J/ipK° average 
ip(2S)K° average 



0.655 ± 0.0244 
0.798 ±0.071 



-0.003 ±0.020 
0.032 ± 0.060 



4.4.2 Time-dependent transversity analysis of B° — > J/ipK*° 

B meson decays to the vector- vector final state J/ipK* are also mediated by the h — > ccs 
transition. When a final state which is not flavour-specific (K*° — > K^tt ) is used, a time- 
dependent transversity analysis can be performed allowing sensitivity to both sin(2/3) and 
cos(2/3) |243j . Such analyses have been performed by both B factory experiments. In principle, 
the strong phases between the transversity amplitudes are not uniquely determined by such 
an analysis, leading to a discrete ambiguity in the sign of cos(2/3). The BABAR collaboration 
resolves this ambiguity using the known variation |244] of the P-wave phase (fast) relative to 
the S-wave phase (slow) with the invariant mass of the Kir system in the vicinity of the i^*(892) 
resonance. The result is in agreement with the prediction from s quark helicity conservation, 
and corresponds to Solution II defined by Suzuki |245] . We use this phase convention for the 
averages given in Table 1261 



Table 26: Averages from B° — > J/ipK*° transversity analyses. 



Experiment 


N(BB) 


sin 2/3 


cos 2/3 Correlation 


BABAR |246| 


88M 


-0.10 ±0.57 ±0.14 


3.32+^ ±0.27 -0.37 


Belle |234j 


275M 


0.24 ±0.31 ±0.05 


0.56 ±0.79 ±0.11 0.22 


Average 




0.16 ±0.28 


1.64 ± 0.62 uncorrelated averages 


Confidence level 




0.61 (0.5a) 


0.03 (2.2a) 



At present the results are dominated by large and non-Gaussian statistical errors, and 
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sin(2P) = sinmj 



H FAG 



I FPCP2009 
PRELIMINARY 



H FAG 



BaBar 

PRD 79 (2009) 

BaBar z K 

PRD 80 (20091 



072009 



112001 



BaBar J/xy (hadronic) K„ 
PRD 69 (2004)1052001 

Belle J/yK° ; 

PRL 98 (2007) 031802 

Belle y(2S) kL 

PRD 77 (2008)it)91103(R) 

ALEPH 

PLB 492, 259 (2000) 

OPAL i 

EPJ C5, 379 (1898) 

CDF 

PRD 61 , 0720q5 (2000) 

Average 

HFAG 



0.69 ±0.03 ±0.01 
0.69 ±0.52 ±0.04 ±0.07 
1.56 ±0.42 ±0.21 



-H 



0.64 ±0.03 ±0.02 
0.72 ±0.09 ±0.03 
0.84 t?:«± 0.16 
3.20 *i lo ± 0.50, 



0.67 ±0.02 



-2 




Figure 11: (Left) Average of measurements of Sb^. C c S - (Right) Constraints on the (p, 77) plane, 
obtained from the average of —r]Sb^. C cs and Eq. 11821 



exhibit significant correlations. We perform uncorrelated averages, the interpretation of which 
has to be done with the greatest care. Nonetheless, it is clear that cos (2/3) > is preferred by 
the experimental data in J/ipK*. [BABAR |246j find a confidence level for cos(2/3) > of 89%.] 



4.4.3 Time-dependent CP asymmetries in B° — >■ D* + D* K® decays 

Both BABAR |189] and Belle |190] have performed time-dependent analyses of the B° — > 
D* + D*~Kg decay, to obtain information on the sign of cos(2/3). More information can be 
found in Sec. 14.2.41 The results are shown in Table |271 and Fig. [T21 



Table 27: Results from time-dependent analysis of B° — > D* + D* K®. 



Experiment 


N(BB) 


Jc 

Jo 


^jf sin(2/3) 


cos(2/3) 


BABAR |189| 


230M 


0.76 ±0.18 ±0.07 


0.10 ±0.24 ±0.06 


0.38 ±0.24 ±0.05 


Belle |190j 


449M 


0.60 j£! ±0.08 


-0.17 ±0.42 ±0.09 


-0.23 ^±0.13 


Average 




0.71 ±0.16 


0.03 ±0.21 


0.24 ±0.22 


Confidence level 




0.63 (0.5a) 


0.59 (0.5a) 


0.23 (1.2a) 



From the above result and the assumption that J S 2 > 0, BABAR infer that cos(2/3) > at 
the 94% confidence level [T89] . 

4.4.4 Time-dependent analysis of B® — >■ J/ip<fi 

As described in Sec. I4.2.6[ time-dependent analysis of B° — > J/ipcj) probes the CP violating 
phase of B° s -B s oscillations, 4> s . Within the Standard Model, this parameter is predicted to be 
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PRELIMINARY 



PRELIMINARY 



PRELIMINARY 



BaBar 









0.76 ±0.1 8 ±0.07 


PRD74, 091101 (2006 


H 




— H 




Belle 









0.60 Toll ±0.08 


PRD 76, 072004 (2007 










Average 








0.71 ±0.16 


HFAG 










0.2 0.4 


0.6 


0.8 


1.2 



BaBar 




— * 


I 0.10±0.24±0.06 




BaBar 






I.38 + 0.24 ±0.05 


PRD 74, 091 101 (2006} 


I 








PRD 74, 091101 (2006) 


I— 







Belle 


k 




-0.1 7 ±0.42 ±0.09 




Belle , 






-0.23 lui ±0.13 


PRD 76, 072004 (2007} 










H * • 

PRD 76, 072004 (2007) 


H 






Average 






0.03 ±0.21 




Average 






0.24 ± 0.22 


HFAG 










HFAG 








-0.8 -0.6 -0.4 -0.2 


0.2 


0.4 0.6 o.e 


-0.8 -0.6 -0.4 -0.2 C 


0.2 







Figure 12: Averages of (left) (J c /J ), (middle) (2 J Bl /J ) sin(2/3) and (right) (2 J s2 /J ) cos(2/3) 
from time-dependent analyses of B° — > D* + D*~K® decays. 



small @ 

Both CDF |247| 1248] and D0 |249j 1248] have performed full tagged, time-dependent angular 
analyses of B® — > J/ip<j) decays. Both experiments perform analyses that take into account the 
correlations between the average lifetime t(B®), AT s , <f) s , the magnitude of the perpendicu- 
larly polarized component Aj_, the difference in the fractions of the two CP-even components 
\A \ 2 — \A\p and the strong phases associated with the two CP-even components 5q and 8\\. 
Both experiments find that the likelihood function has a highly non-Gaussian shape, so that 
central values and uncertainties are not presented. The combination of results is performed by 
the experiments themselves |248j . and the results are summarised by the HFAG Lifetimes and 
Oscillations group, see Sec. El 



23 We make the approximation <fi s = 2f3 s , where 4> s = arg [—Mu/Tm] and 2/3 s = 2 arg [- {V ts V t * b ) / (V cs V* b )] 
(see Section |4?T|) . This is a reasonable approximation since, although the equality does not hold in the Standard 
Model [80] , both are much smaller than the current experimental resolution, whereas new physics contributions 
add a phase 0np to <j> a and subtract the same phase from 2/3 s , so that the approximation remains valid. 
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4.5 Time-dependent CP asymmetries in colour-suppressed b — > cud 
transitions 

Decays of B mesons to final states such as Dn are governed by b — > cud transitions. If the final 
state is a CP eigenstate, e.g. DcpTf , the usual time-dependence formulae are recovered, with 
the sine coefficient sensitive to sin(2/3). Since there is no penguin contribution to these decays, 
there is even less associated theoretical uncertainty than for b — > ccs decays like B — > J/ipK®. 
Such measurements therefore allow to test the Standard Model prediction that the CP violation 
parameters in b — > cud transitions are the same as those in b — > ccs [250J . 

Note that there is an additional contribution from CKM suppressed b — > ucd decays. The 
effect of this contribution is small, and can be taken into account in the analysis |251[ [252J. 

Results of such an analysis are available from BABAR [253]. The decays B° — > Dir°, B° — > 
Drj, B° Deo, B° D*n° and B° -> D*r] are used. The daughter decay D* -> Dn° is 
used. The CP-even D decay to K + K~ is used for all decay modes, with the CP-odd D decay 
to K®u also used in B° — > D^n° and the additional CP-odd D decay to K®ir° also used in 
B° — > Dlu. Results are presented separately for CP-even and CP-odd decays (denoted 
h° and D_h° respectively), and for both combined, with the different CP factors accounted 
for (denoted D^ph ). The results are summarized in Table [281 



Table 28: Results from analyses of B° — > D^h°, D — > CP eigenstates decays. 



Experiment 


N(BB) 


Sep 


Ccp 


Correlation 






D^h 






BABAR [233] 


383M 


-0.65 ±0.26 ±0.06 


-0.33 ±0.19 ±0.04 


0.04 






D {*) h o 






BABAR [233] 


383M 


-0.46 ±0.46 ±0.13 


-0.03 ±0.28 ±0.07 


-0.14 


BABAR [253] 


383M 


D ( * P h° 
-0.56 ±0.23 ±0.05 


-0.23 ±0.16 ±0.04 


-0.02 



When multibody D decays, such as D — > K° s ii + ii~ are used, a time-dependent analysis of 
the Dalitz plot of the neutral D decay allows a direct determination of the weak phase: 2/3. 
( Equivalent ly, both sin(2/3) and cos(2/3) can be measured.) This information allows to resolve 
the ambiguity in the measurement of 2(3 from sin(2/3) |254j . 

Results of such analyses are available from both Belle |186] and BABAR |187j . The decays 
B — >■ P>7T°, B — >■ Dr], B — > Du, B — > D*n° and B — > D*r] are used. [This collection of states 
is denoted by D^h .} The daughter decays are D* — > Dn° and D — > K®n + n~. The results 
are shown in Table [291 an d Fig. [13J Note that BABAR quote uncertainties due to the D decay 
model separately from other systematic errors, while Belle do not. 

Again, it is clear that the data prefer cos(2/3) > 0. Indeed, Belle |186j determine the sign 
of cos(20i) to be positive at 98.3% confidence level, while BABAR |187] favour the solution of 
(3 with cos(2/3) > at 87% confidence level. Note, however, that the Belle measurement has 
strongly non-Gaussian behaviour. Therefore, we perform uncorrelated averages, from which 
any interpretation has to be done with the greatest care. 
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Table 29: Averages from B° — > D^hP, D — > Ksn+n analyses. 

Experiment N(BB) sin 2(3 cos 2/3 [A| 

BaBAR jlHT" 383M 0.29 ±0.34 ±0.03 ±0.05 0.42 ± 0.49 ± 0.09 ± 0.13 1.01 ± 0.08 ± 0.02 
Belle [TSS] 386M 0.78 ± 0.44 ± 0.22 ^-^-ofatoil 

Average 0.45 ± 0.28 1.01 ±0.40 1.01 ± 0.08 
Confidence level 0.59 (0.5<r) 0.12 (1.6<r) 



D ( *V sin(2f3) = sin(24> 1 ) 



H FAG 



| LP 2007 
PRELIMINARY 



BaBar 



I- 



PRL 99, 231802 (! 007) 



Belle 



PRL97, 081801 (2006) 

Average 

HFAG 



0.29 ±0.34 ±0.03 ±0.05 



0.78 ± 0.44 ± tj .22 



0.45 ±0.28 



-0.4 -0.2 0.2 0.4 0.6 0.8 1 1.2 



D ( V cos(2p) = cos^) 



HFAG 



| LP 2007 
PRELIMINARY 



BaBar 
HH 

PRL99, 231802 (200V) 



Belle 

PRL97, 081801 (200 

Average 

HFAGi 



0.42 ±0.49 ±0.09 ±0.13 



5) 



H- 



^ q-7 +0.40 +0.22 
-fr °- 53 ~°| 3 | 



1.01 ±0.40 



-0.4 -0.2 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 



Figure 13: Averages of (left) sin(2/3) and (right) cos(2/3) measured in colour-suppressed b — > cud 
transitions. 
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4.6 Time-dependent CP asymmetries in charmless b — »■ qqs transi- 
tions 

The flavour changing neutral current b — > s penguin can be mediated by any up-type quark in 
the loop, and hence the amplitude can be written as 

A^ s = F u V ub V: s + F c V cb V c * s + F t V tb V t * s 

= (F u — F c )V ub V* s + {F t -F c )V tb V* (183) 
0(A 4 ) + C(A 2 ) 

using the unitarity of the CKM matrix. Therefore, in the Standard Model, this amplitude is 
dominated by V tb V t * s , and to within a few degrees (6(3^2° for w 20°) the time-dependent 
parameters can be written^] S b ^ qqs ~ — i]sm(2(3), C b ^, qqs ~ 0, assuming b — > s penguin contri- 
butions only (q = u, d, s). 

Due to the large virtual mass scales occurring in the penguin loops, additional diagrams 
from physics beyond the Standard Model, with heavy particles in the loops, may contribute. In 
general, these contributions will affect the values of S b ^ qqs and C b ^ qqs . A discrepancy between 
the values of S b ^, C c S and S b ^ qqs can therefore provide a clean indication of new physics [250, 
12531 12551 1257] . 

However, there is an additional consideration to take into account. The above argument 
assumes only the b — > s penguin contributes to the b — > qqs transition. For q = s this is a 
good assumption, which neglects only rescattering effects. However, for q = u there is a colour- 
suppressed b — y u tree diagram (of order C(A 4 )), which has a different weak (and possibly 
strong) phase. In the case q = d, any light neutral meson that is formed from dd also has 
a uu component, and so again there is "tree pollution". The B° decays to tt°K®, p° K® and 
ojK° s belong to this category. The mesons <f), fo and rj' are expected to have predominant 
ss parts, which reduces the relative size of the possible tree pollution. If the inclusive decay 
B° — > K + K~K° (excluding <pK°) is dominated by a nonresonant three-body transition, an OZI- 
rule suppressed tree-level diagram can occur through insertion of an ss pair. The corresponding 
penguin-type transition proceeds via insertion of a uu pair, which is expected to be favored 
over the ss insertion by fragmentation models. Neglecting rescattering, the final state K°K°K° 
(reconstructed as K®K®K®) has no tree pollution [258J. Various estimates, using different 
theoretical approaches, of the values of AS = S b ^ qqs — S b ^ C c S exist in the literature [2591 [260, 
[2611 12621 12631 12611 12651 12661 12671 12681 12691 12701 127T1 1272] . In general, there is agreement that 
the modes 4>K°, rj'K and K°K°K° are the cleanest, with values of |A5*| at or below the few 
percent level (AS is usually positive). 

4.6.1 Time-dependent CP asymmetries: b — >• qqs decays to CP eigenstates 

The averages for —r]S b ^ qqs and C b ^. qqs can be found in Table EHl and are shown in Figs. [TH [15] 
and [161 Results from both BABAR and Belle are averaged for the modes <j)K°, rj'K , foK° 
and K + K~K° (K° indicates that both and K® are used, although Belle use neither foK® 

24 The presence of a small (C(A 2 )) weak phase in the dominant amplitude of the s penguin decays intro- 
duces a phase shift given by Sb->.qqs = —rj&m(2/3) ■ (1 + A). Using the CKMfitter results for the Wolfenstein 
parameters |206j . one finds: A ~ 0.033, which corresponds to a shift of 2/3 of +2.1 degrees. Nonperturbative 
contributions can alter this result. 
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nor K+K-K° L ), K° S K° S K2, ti°K° s S P°K° s and coK° s . BABAR also has presented results with 
the final states 7r°7r K°H f 2 K% f x K°, Tr+Tr"^ nonresonant and <pK° s ii . Results for f K°, 
K + K~K°, p°K®, f 2 Kg, fxK® and 7t + tt~K® nonresonant are taken from time-dependent Dalitz 
plot analyses of B° ->■ K + K~K° and B° — y 7r + 7r Kg (see subsection 14. 6 . 2 j) . The results 
presented in Table I3TJ1 for foK° are for both experiments combinations of the results determined 
in the K + K~K° and tt + tt~K® final states. 

Of these final states, </>K°, rfK°, n°K° s , p°K° s , uK° s and f K° L have CP eigenvalue 77 = — 1, 
while 0K° L , rfK°, K° S K° S K° S , f K° s , f 2 K° s , f x K° s B irWK® and ir + n-K° s nonresonant have 
77 = +1. 

The final state K + K~K° (contributions from <j)K° are implicitly excluded) is not a CP 
eigenstate. However, it can be treated as a quasi-two-body decay, with the CP composition 
determined using either an isospin argument (used by Belle to determine a CP-even fraction of 
0.93±0.09±0.05 |277j ) or a moments analysis (previously used by BABAR to find a CP-even frac- 
tions of 0.89 ± 0.08 ± 0.06 in K + K~K° S [28"0] ). Note that uncertainty in the CP composition of 
the final state leads to a third source of uncertainty on the Belle results for —t/Sk+k-k - BABAR 
results for K + K~K° are determined from the inclusive "high-mass" (rriK+K- > 11 GeV/c 2 ) 
region in their B° — y K + K~K° time-dependent Dalitz plot analysis |192j (this approach au- 
tomatically corrects for the CP composition of the final state). Belle have also performed a 
time-dependent Dalitz plot analysis of B° — y K + K~K° |193j . but the results presented in 
Table [3171 are from their previous analysis [277J. 

The final state <j)K®Tr° is also not a CP-eigenstate but its CP- composition can be determined 
from an angular analysis. Since the angular parameters are common to the B° — y <f)K®7r° and 
B° — y (pK + 7T~ decays (because only Ktt resonance contribute), BABAR perform a simultaneous 
analysis of the two final states |279] (see subsection 14.6. 3p . 

It must be noted that Q2B parameters extracted from Dalitz plot analyses are constrained 
to lie within the physical boundary (S^ P + C^ P < 1) and consequenty the obtained errors 
are highly non-Gaussian when the central value is close to the boundary. This is particularly 
evident in the BABAR results for B° — y foK° with fo —y 7r + 7r~ [196] . These results must be 
treated with extreme caution. 

As explained above, each of the modes listed in Table 1301 has different uncertainties within 
the Standard Model, and so each may have a different value of —r]Sb^ q g S - Therefore, there 
is no strong motivation to make a combined average over the different modes. We refer to 
such an average as a "naive s-penguin average." It is naive not only because of the neglect 
of the theoretical uncertainty, but also since possible correlations of systematic effects between 
different modes are neglected. In spite of these caveats, there remains substantial interest in the 
value of this quantity, and therefore it is given here: (—rjSb^qqs) = 0.62 ± 0.04, with confidence 
level 0.18 (1.3a). This value is in agreement with the average —rjSb^. C c S given in Sec. I4.4.H (The 
average for Cb^ q q S is (Cb^ q q S ) = —0.05 ±0.03 with confidence level 0.78 (0.3a).) We emphasise 
again that we do not advocate the use of these averages, and that the values should be treated 
with extreme caution, if at all. 

From Table 1301 it may be noted that the average for —r}Sb^. g q S in r/'K (0.59 ± 0.07), is now 

25 Belle [273] include the n°Kl final state in order to improve the constraint on the direct CP violation 
parameter; these events cannot be used for time-dependent analysis. 

26 We do not include a preliminary result from Belle 274 , which remains unpublished after more than two 
years. 

27 The /x is assumed to be spin even. 
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Table 30: Averages of —r)Sb^ q q S and Cb^ q q S - 



Experiment N(BB) 



-T]S b 



>qqs 



c, 



b^tqqs 



Correlation 



BAB4R H§2] 465M 
Belle HS3] 657M 
Average 



cj)K Q 



0.26 ±0.26 ±0.03 
67 +0 - 22 

u - u ' -0.32 

44 +air 

-0.18 



-0.14 ±0.19 ±0.02 
-0.31 +°; 2 ^± 0.04 ±0.09 
-0.23 ±0.15 



uncorrected averages 



r]'K° 



BABAR [275J 
Belle [235] 
Average 
Confidence level 



467M 
535M 



0.57 ±0.08 ±0.02 
0.64 ±0.10 ±0.04 
0.59 ±0.07 



-0.08 ±0.06 ±0.02 
0.01 ±0.07 ±0.05 
-0.05 ±0.05 



0.03 
0.09 
0.04 



0.63 (0.5a) 



BABAR [2TB] 
Belle [235] 
Average 

Confidence level 



K°K°K° 



465M 
535M 



u.yu _ 20 _ 04 
0.30 ±0.32 ±0.08 
0.74 ±0.17 

0.26 



-0.16 ±0.17 ±0.03 
-0.31 ±0.20 ±0.07 
-0.23 ±0.13 



0.10 
0.06 



1.1a) 



7T 



BABAR [275] 
Belle [273] 
Average 

Confidence level 



467M 
657M 



0.55 ±0.20 ±0.03 
0.67 ±0.31 ±0.08 
0.57 ±0.17 



0.13 ±0.13 ±0.03 
-0.14 ±0.13 ±0.06 
0.01 ±0.10 



0.06 
-0.04 
0.02 



0.37 (0.9o-) 



BABAR [196J 
Belle [T97] 
Average 



383M 
657M 



0.35 tofx ± 0.06 ± 0.03 -0.05 ± 0.26 ± 0.10 ± 0.03 



0.64 ± 0.09 ±0.10 



-0.03 



0.54 



h0.18 
-0.21 



-olia =•= 0.11 ±0.10 
-0.06 ± 0.20 



uncorrelated averages 



uK° s 



BABAR [275J 
Belle [277] 
Average 
Confidence level 



467M 
535M 



0.55 ±8.29 ± 0.02 
0.11 ±0.46 ±0.07 
0.45 ± 0.24 

0.18 



-0.52 1°; 22 ±0.03 
0.09 ±0.29 ±0.06 
-0.32 ±0.17 

[1.3a) 



0.03 
-0.04 
0.01 



BABAR [T921 [196] 
Belle [19311197] 
Average 



0M 
0M 



0.60 ^rs 6 
0.60 ^ 
0-60 



foK" 



0.05 ±0.16 
0.05 ±0.18 
0.05 ±0.12 



uncorrelated averages 



BABAR 


[196] 383M 0.48 ± 0.52 ± 0.06 ± 0.10 0.28 + ^ ± 0.08 ± 0.07 




BABAR 


fxK° s 

[196] 383M 0.20 ± 0.52 ± 0.07 ± 0.07 0.13 + %f 5 ± 0.04 ± 0.09 





more than 5<r away from zero, so that CP violation in this mode is well established. Amongst 
other modes, CP violation effects in both foK° and K + K~~K° appear to be established - BABAR 
have claimed 5.1cr observation of CP violation in B° — > K + K~K° [191] and 4.3cx evidence of 
CP violation in B° — > foK® with f — > 7r + 7r~ [196] . Due to possible non-Gaussian errors in 
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Table 31: Averages of —r]Sb^qq S and Cb-+ q q S (continued). 



Experiment N(BB) —T]Sb^qqs Cb->qqs Correlation 

BABAR [278] 227M -0.72 ± 0.71 ± 0.08 0.23 ± 0.52 ± 0.13 -0.02 

BABAR [279] 465M 0.97 gjj -0.20 ± 0.14 ± 0.06 

7r + 7r _ i^g nonresonant 

BABAR [196] 383M 0.01 ± 0.31 ± 0.05 ± 0.09 0.01 ± 0.25 ± 0.06 ± 0.05 

K + K~K° 

BABAR [192] 465M 0.86 ± 0.08 ± 0.03 -0.05 ± 0.09 ± 0.04 

Belle [277] 535M 0.68 ± 0.15 ± 0.03 0.09 ± 0.10 ± 0.05 

Average 0.82 ± 0.07 0.01 ± 0.07 uncorrelated averages 



these results it may be prudent to defer any strong conclusions on the numerical significance of 
the averages. The average for —rjS^qqs in K®K®K® also appears to have significance greater 
than 4cr. There is no evidence (above 2a) for direct CP violation in any b — > qqs mode. 



4.6.2 Time-dependent Dalitz plot analyses: B° K+K K° and B° ir+ir-K° 

As mentioned in Sec. 14.2.41 and above, both BABAR and Belle have performed time- dependent 
Dalitz plot analysis of B° ->■ K + K~K° and B° — > 7r + 7r Kg decays. The results are summarized 
in Tabs. [321 and 1331 Averages for the B° — > foK® decay, which contributes to both Dalitz plots, 
are shown in Fig. [T7J Results are presented in terms of the effective weak phase (from mixing 
and decay) difference (3 eS and the direct CP violation parameter A (A = — C) for each of the 
resonant contributions. Note that Dalitz plot analyses, including all those included in these 
averages, often suffer from ambiguous solutions - we quote the results corresponding to those 
presented as solution 1 in all cases. Results on flavour specific amplitudes that may contribute 
to these Dalitz plots (such as K* + n~) are averaged by the HFAG Rare Decays subgroup (Sec.[7J. 



Table 32: Results from time-dependent Dalitz plot analysis of the B° — > K + K K° decay. 



Experiment N(BB) 
BABAR [192] 465M 



K + K~K° (whole Dalitz plot) 
/3 eff A 
(25.3 ± 3.9 ± 0.9)° 0.03 ± 0.07 ± 0.02 



Experiment 


N(BB) 


0A-° 


foK° 


K+K-K" (m A+A - > LlGcV/c 2 ) 






P' s A 


&* A 


/3 eff A 


babar pig 


465M 


(7.7 ±7.7 ±0.9)° 0.14 ±0.19 ±0.02 


(8.5 ± 7.5 ± 1.8)° 0.01 ± 0.26 ± 0.07 


(29.5 ± 4.5 ± 1.5)° 0.05 ± 0.09 ± 0.04 


Belle 1123 


657M 


(21.2 tm A ± 2.0 ± 2.0)° 0.31 toil ± 0.04 ± 0.09 


(28.2 tH ± 2.0 ± 2.0)° -0.02 ± 0.34 ± 0.08 ± 0.09 




Average 




(12.9 ±5.6)° 0.23 ±0.15 


(16.3 ±6.0)° 0.06 ±0.19 





Confidence level 



0.58 (0.6cr) 



From the results in Tab. [331 BABAR infer that the trigonometric reflection at tt/2 — ft in 
B° — > K + K~ K° , which is inconsistent with the Standard Model expectation, is disfavoured at 
4.8cr. 
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Table 33: Results from time-dependent Dalitz plot analysis of the B° — > 7t + ty K® decay. 



Experiment N(BB) 


p°K° s 

/3 eB A 


P eB A 


BABAR [TUB] 383M 
Belle [Mj 657M 


(10.2 ± 8.9 ± 3.0 ± 1.9)° 0.05 ± 0.26 ± 0.10 ± 0.03 
(20.0 tH ± 3.2 ± 3.5)° 0.03 ± 0.11 ± 0.10 


(36.0 ± 9.8 ± 2.1 ± 2.1)° -0.08 ± 0.19 ± 0.03 ± 0.04 
(12.7 tH ± 2.8 ± 3.3)° -0.06 ± 0.17 ± 0.07 ± 0.09 


Average 16.4 ±6.8 0.06 ± 0.20 

Confidence level 0.39 


20.6 ±6.2 -0.07 ±0.14 

(0.9ct) 




Experiment N(BB) 
BABAR [THE] 383M 


hK% 

/3 0ff A 
(14.9 ± 17.9 ± 3.1 ± 5.2)° -0.28 +° f 5 ± 0.08 ± 0.07 


/3 bS A 
(5.8 ± 15.2 ± 2.2 ± 2.3)° -0.13 ±g;|| ± 0.04 ± 0.09 




Experiment N(BB) 
BABAR P2§] 383M 


B" — > 7r + 7r K° nonrcsonant 
/3 cff A 
(0.4 ± 8.8 ± 1.9 ± 3.8)° -0.01 ± 0.25 ± 0.06 ± 0.05 


XcoA' s ° 

/3 cff A 
(23.2 ± 22.4 ± 2.3 ± 4.2)° 0.29 t%f 3 ± 0.03 ± 0.05 



4.6.3 Time-dependent analyses of B° — >■ <fiKgir° 

The final state in the decay B° — > <pK®ir is a mixture of CP-even and CP-odd amplitudes. 
However, since only <j)K*° resonant states contribute (in particular, 0i^*°(892), 0fQ°(143O) and 
0i^2°(143O) are seen), the composition can be determined from the analysis of B — > <f)K + 7i^ , 
assuming only that the ratio of branching fractions B(K*° — > Kg7c°)/B(K*° — > K + tt~) is the 
same for each exited kaon state. 

BABAR [279\ have performed a simultaneous analysis of B° — > <j)K®7r° and B° — > (f)K + 7T~ 
that is time-dependent for the former mode and time-integrated for the latter. Such an anal- 
ysis allows, in principle, all parameters of the B° — > <j)K*° system to be determined, including 
mixing-induced CP violation effects. The latter is determined to be A0oo = 0.28 ± 0.42 ± 0.04, 
where A0 O o is half the weak phase difference between B° and B° decays to </>-K"q°(1430). 
As discussed above, this can also be presented in terms of the quasi-two-body parameter 
sin(2/?QQ) = sin(2/3 + 2A0 OO ) = 0.97 to^l- The highly asymmetric uncertainty arises due to 
the conversion from the phase to the sine of the phase, and the proximity of the physical 
boundary. 

Similar sin(2/3 eff ) parameters can be defined for each of the helicity amplitudes for both 
<pK*°(892) and 0i^2°(143O). However, the relative phases between these decays are constrained 
due to the nature of the simultaneous analysis of B° — > (pR^w and B° — > (pK + ir~ , and therefore 
these measurements are highly correlated. Instead of quoting all these results, BaBar provide 
an illustration of their measurements with the following differences: 

sin(2/3 - 2A5 i) - sin(2/3) 
sin(2/3 - 2A0||i) - sin(2/3) 
sin(2/3 - 2A0 ± i) - sin(2/3) 
sin(2/3 - 2A0 ±1 ) - sin(2/3 - 2A0m) 
sin(2/3 - 2A5 02 ) - sin(2/3) 

where the first subscript indicates the helicity amplitude and the second indicates the spin of 
the kaon resonance. For the complete definitions of the A5 and A<f) parameters, please refer to 
the BABAR paper [279] . 



= -0.42+°;^ (184) 

= -0.32 j£jg (185) 

-0.30 j££ (186) 

= 0.02 ±0.23 (187) 

= -0.10 +°i 9 8 (188) 
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Direct CP violation parameters for each of the contributing helicity amplitudes can also be 
measured. Again, these are determined from a simultaneous fit of B° — > (pK^n and B° — > 
<j)K + ir~, with the precision being dominated by the statistics of the latter mode. Direct CP 
violation measurements are tabulated by HFAG - Rare Decays (Sec. [7]). 
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Figure 14: (Top) Averages of (left) —rjSb^qqs and (right) Cb^, q g S - The —rjSb^. q q S figure compares 
the results to the world average for —r]Sb^ C cs (see Section 14.4.11) . (Bottom) Same, but only 
averages for each mode are shown. More figures are available from the HFAG web pages. 



82 





Contours give -2A(ln L) ■ A)f ■ 1 , corresponding to 60.73 CL tor 2 dot Contours give -2A(ln L) - Ay. - 1 , corresponding lo 60.73 CL lor 2 Hot 



Figure 15: Averages of four b — > qqs dominated channels, for which correlated averages are 
performed, in the Sep vs. Cqp plane, where Sep has been corrected by the CP eigenvalue to 
give sin(2/3 eff ). (Top left) B° -> <pK°, (top right) B° -> r/if , (bottom left) 5° ->■ K° S K° S K° S , 
(bottom right) B° — > ir°Kg. More figures are available from the HFAG web pages. 
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Figure 16: Compilation of constraints in the —rjSb^qqs vs. Cb-> q q S plane. 
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Figure 17: (Top) Averages of (left) /3 efr = <j>f and (right) A CP for the B° ->■ f K® decay 
including measurements from Dalitz plot analyses of both B° — > K + K~K® and B° — > Tr + 7T~Kg. 
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4.7 Time-dependent CP asymmetries in b — > ccd transitions 

The transition b — » ccd can occur via either a b — > c tree or a 6 — > d penguin amplitude. 
Similarly to Eq. f l 183H . the amplitude for the b —¥ d penguin can be written 

A b ^ d = F u V ub V* d + F c V cb V* d + F t V tb V* d 

= (F u - F c )V ub V* d + (F t -F c )V tb V* d (189) 
C(A 3 ) + £>(A 3 ). 

From this it can be seen that the b — >• d penguin amplitude contains terms with different weak 
phases at the same order of CKM suppression. 

In the above, we have followed Eq. (11831) by eliminating the F c term using unitarity. How- 
ever, we could equally well write 

A^ d = (F u - F t )V ub V* d + (F c -F t )V cb V^ 

= (F c - F u )V cb V; d + (F t - F u )V tb V* d . { JU) 

Since the b — > ccd tree amplitude has the weak phase of V cb V* d , either of the above expressions 
allow the penguin to be decomposed into parts with weak phases the same and different to the 
tree amplitude (the relative weak phase can be chosen to be either (3 or 7). However, if the 
tree amplitude dominates, there is little sensitivity to any phase other than that from B°-B° 
mixing. 

The b — > ccd transitions can be investigated with studies of various different final states. 
Results are available from both BABAR and Belle using the final states J/ipn°, D + D~ , D* + D*~ 
and D m± D T , the averages of these results are given in Table [3H The results using the CP 
eigenstate (rj = +1) modes J/ipir and D + D~ are shown in Fig. [18] and Fig. [T9l respectively, 
with two-dimensional constraints shown in Fig. [20j 

The vector-vector mode D* + D*~ is found to be dominated by the CP-even longitudinally 
polarized component; BABAR measures a CP-odd fraction of 0.158 ± 0.028 ± 0.006 |185] while 
Belle measures a CP-odd fraction of 0.125 ±0.043 ±0.023 |281j . These values, listed as R±, are 
included in the averages which ensures the correlations to be taken into account o BABAR have 
also performed an additional fit in which the CP-even and CP-odd components are allowed 
to have different CP violation parameters S and C. These results are included in Table [3H 
Results using D* + D*~ are shown in Fig. [2TJ 

For the non-CP eigenstate mode Z)* ± £) =F BABAR uses fully reconstructed events while Belle 
combines both fully and partially reconstructed samples. At present we perform uncorrelated 
averages of the parameters in the D^D^ system. 

In the absence of the penguin contribution (tree dominance), the time-dependent parameters 
would be given by S b ^ m = -r?sin(2/3), C b ^ cZ d = 0, 5+_ = sin(2/3 + 5), = sin(2/3 - 5), 

C] = — C_ + and A = 0, where 5 is the strong phase difference between the D* + D~ and 

D*~D + decay amplitudes. In the presence of the penguin contribution, there is no clean 
interpretation in terms of CKM parameters, however direct CP violation may be observed as 
any of C b ^ cZ d ^ 0, C + _ ^ -C_ + or A + _ ^ 0. 

The averages for the b — > ccd modes are shown in Figs. [22] and [23j Results are consistent with 
tree dominance, and with the Standard Model, though the Belle results in B° — > D + D~ [284J 

28 Note that the BABAR value given in Table differs from that given above, since that in the table is not 
corrected for efficiency. 
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Table 34: Averages for the b -» ccd modes, B° -»■ J/^tt°, D + D _ , D* + D*~ and D^D^. 



Exp erircient 


iv yij D ) 


Q 


^CP 


Correlation 






ill 
J/ip7T 






nAlSAIl [zozj 


466M 


1 oo _i_ n 01 _i_ n r\ a 
— i.26 ± U.zl ± U.U4 


n on _i_ n 1 n _i_ n no 

—0.20 ± 0.19 ± 0.03 


n on 

0.20 


Belle [283] 


5351V1 


n _i_ n 01 _i_ n ncr 

—0.65 ± 0.21 ± U.U5 


n no _i_ n 1 p _i_ n n c 

—0.08 ± 0.16 ± 0.05 


n 1 n 

—0.10 


Average 




n O.Q i n ic 
— U.yo ± U. lo 


— U. 1U ± U. lo 


U.U4 


Confidence level 




0.15 


(1.4a) 








D+D- 






BABAR |185| 


467M 


-0.65 ±0.36 ±0.05 


-0.07 ±0.23 ±0.03 


-0.01 


Belle |284j 


535M 


-1.13 ±0.37 ±0.09 


-0.91 ±0.23 ±0.06 


-0.04 


Average 




-0.89 ±0.26 


-0.48 ±0.17 


-0.02 


Confidence level 




0.025 (2.2a) 






Experiment 


N(BB) 


Sep 


Ccp 


R± 






D* + D*- 






BABAR [T55] 


467M 


-0.71 ±0.16 ±0.03 0.05 ±0.09 ±0.02 


0.17 ±0.03 


Belle [2ST] 


657M 


-0.96 ± 0.25 toil 


0.15 ±0.13 ±0.04 0.12 ±0.04 ±0.02 


Average 




-0.77 ±0.14' 


-0.02 ±0.08 


0.16 ±0.02 


Confidence level 






0.41 (0.8a) 






Experiment N(BB) 


Scp+ 


Ccp+ 


Sep- Ccp- 


R± 






D*+D*~ 






BABAR [185] 467M 


-0.76 ±0.16 ±0.04 0.02 ±0.12 ±0.02 -1.81 ± 0.71 ± 0.16 0.41 ± 0.50 ± 0.08 0.15 ±0.03 




Experiment N(BB) 


S+- 


C+- 


S-+ C_ + 


A 












BABAR [ESI 467M - 


-0.63 ± 0.21 ± 0.03 0.08 ± 0.17 ± 0.04 -0.74 ± 0.23 ± 0.05 0.00 ± 0.17 ± 0.03 


0.01 ±0.05 ±0.01 


Belle j20Z| 152M - 


-0.55 ±0.39 ±0.12 -0.37 ±0.22 ±0.06 -0.96 ± 0.43 ± 0.12 0.23 ± 0.25 ± 0.06 


0.07 ±0.08 ±0.04 


Average 


-0.61 ±0.19 


-0.09 ±0.14 -0.79 ±0.21 0.07 ±0.14 


0.02 ±0.04 


Confidence level 


0.86 (0.2o-) 


0.12 (1.6cr) 0.( 


56 (0.4cr) 0.46 (0.7cr) 


0.54 (0.6(7) 



show an indication of direct CP violation, and hence a non-zero penguin contribution. The 
average of Sb^ccd i n both J/ipir and D* + D*~ final states is more than 5a from zero, corre- 
sponding to observations of CP violation in these decay channels., That in the D + D~ final state 
is more than 3a from zero; however, due to the large uncertainty and possible non-Gaussian 
effects, any strong conclusion should be deferred. 
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Figure 18: Averages of (left) Sb-^csd an d (right) Cb^ccd for the mode B° — > J/ipir°. 
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Figure 19: Averages of (left) Sb^ccd and (right) Cb^ccd for the mode B° — > D + D 
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Figure 20: Averages of two b — > ccd dominated channels, for which correlated averages are 
performed, in the Sep vs. Cqp plane. (Left) B° — > J/ip7t° and (right) B° — > D + D~ . 
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Figure 21: Averages of (left) Sb^ccd and (right) C b ^ C cd for the mode B° — > D* + D* . 
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Figure 22: Averages of (left) —r]Sb^ C cd and (right) C^ C cd- The —r]Sb^ q q S figure compares 
results to the world average for —r]Sb^ C cs (see Section |4. 4. II) . 
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Figure 23: Compilation of constraints in the —r]Sb^, C cd vs. Cb-> C cd plane. 
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4.8 Time-dependent CP asymmetries in b — > qqd transitions 



Decays such as B° — > K®K® are pure b — > qqd penguin transitions. As shown in Eq. I189[ this 
diagram has different contributing weak phases, and therefore the observables are sensitive to 
the difference (which can be chosen to be either or 7). Note that if the contribution with the 
top quark in the loop dominates, the weak phase from the decay amplitudes should cancel that 
from mixing, so that no CP violation (neither mixing-induced nor direct) occurs. Non-zero 
contributions from loops with intermediate up and charm quarks can result in both types of 
effect (as usual, a strong phase difference is required for direct CP violation to occur). 

Both BABAR |285] and Belle |286] have performed time-dependent analyses of B° — > K®K° S . 
The results are shown in Table [33 and Fig. [2D 



Table 35: Results for B° K° S K° S . 



Experiment 


N(BB) 


Scp 


Ccp 


Correlation 


BABAR |285| 


350M 


1 90 +0.80 +0.11 
i - zo -0.73 -0.16 


-0.40 ±0.41 ±0.06 


-0.32 


Belle [286] 


657M 


-0.38 tg;^±0.09 


0.38 ±0.38 ±0.05 


0.48 


Average 
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-0.06 ±0.26 
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0.29 (1.1a) 
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Figure 24: Averages of (left) St,-> q qd and (right) Cb^ q qd for the mode B° — > K®K®. 
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4.9 Time-dependent asymmetries in b — > S'j transitions 

The radiative decays b — > 57 produce photons which are highly polarized in the Standard 
Model. The decays B° — > F7 and B° — » F7 produce photons with opposite helicities, and 
since the polarization is, in principle, observable, these final states cannot interfere. The finite 
mass of the s quark introduces small corrections to the limit of maximum polarization, but any 
large mixing induced CP violation would be a signal for new physics. Since a single weak phase 
dominates the b — > sj transition in the Standard Model, the cosine term is also expected to be 
small. 

Atwood et al. |217] have shown that an inclusive analysis with respect to K®7i 0/ -f can be 
performed, since the properties of the decay amplitudes are independent of the angular mo- 
mentum of the Kg7T° system. However, if non-dipole operators contribute significantly to the 
amplitudes, then the Standard Model mixing-induced CP violation could be larger than the 
naive expectation S ~ — 2{m s jm^) sin (2/3) [218] 1219] . In this case, the CP parameters may 
vary over the K®ir 0r y Dalitz plot, for example as a function of the K®7r° invariant mass. Explicit 
calculations indicate such corrections are small for exclusive final states [220] 1221] . 

With the above in mind, we quote two averages: one for if* (892) candidates only, and the 
other one for the inclusive K®n ^ decay (including the if* (892)). If the Standard Model dipole 
operator is dominant, both should give the same quantities (the latter naturally with smaller 
statistical error). If not, care needs to be taken in interpretation of the inclusive parameters, 
while the results on the if* (892) resonance remain relatively clean. Results from BABAR [287J 
and Belle [288] are used for both averages; both experiments use the invariant mass range 
0.60 GeV/c 2 < M K o n o < 1.80 GeV/c 2 in the inclusive analysis. In addition to the if°7r°7 
decay, BABAR have presented results using Kgiyy |289] . and Belle have presented results using 



Table 36: Averages for b — > 57 modes. 



Experiment 


N(BB) 


S C pip ->■ S7) 


C C p(b -)■ 57) 


Correlation 


BABAR |287| 


467M 


if* (892)7 
-0.03 ±0.29 ±0.03 


-0.14 ±0.16 ±0.03 


0.05 


Belle |288j 


535M 


-0.32 ±°;!±0.05 


0.20 ±0.24 ±0.05 


0.08 


Average 




-0.16 ± 0.22 


-0.04 ±0.14 


0.06 


Confidence level 




0.40 (0.9a) 




BABAR |287| 


467M 


Al?7r°7 (including A"*(892) 7 ) 
-0.17 ±0.26 ±0.03 -0.19 ±0.14 ±0.03 


0.04 


Belle |288j 


535M 


-0.10 ±0.31 ±0.07 


0.20 ±0.20 ±0.06 


0.08 


Average 




-0.15 ±0.20 


-0.07 ±0.12 


0.05 


Confidence level 




0.30 (1.0a) 




BABAR [289] 


465M 


-0.18 + 46 ± 0.12 


-0.32 i°;*°±0.07 


-0.17 


Belle [290] 


657M 


if s V°7 
0.11 ±0.33 t° f 9 


-0.05 ±0.18 ±0.06 


0.04 



The results are shown in Table |36| and in Figs.[25]and [26j No significant CP violation results 
are seen; the results are consistent with the Standard Model and with other measurements in 
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the b — > 57 system (see Sec. [7J). 
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Figure 25: Averages of (left) S^gy and (right) C^ ST Recall that the data for K*^ is a subset 
of that for K° s ir°-f. 



4.10 Time-dependent asymmetries in b — > transitions 

The formalism for the radiative decays b — >■ d'j is much the same as that for 6—7-57 discussed 
above. Assuming dominance of the top quark in the loop, the weak phase in decay should 
cancel with that from mixing, so that the mixing-induced CP violation parameter Sep should 
be very small. Corrections due to the finite light quark mass are smaller compared to b — > 37, 
since rrid < m s , and although QCD corrections may still play a role, they cannot significantly 
affect the prediction S^d-y — 0. Large direction CP violation effects could, however, be seen 
through a non-zero value of Cb^d-y, since the top loop is not the only contribution. 

Results using the mode B° — > p°7 are available from Belle and are shown in Table 1371 



Table 37: Averages for B° — > p°7. 



Experiment 


N(BB) 


Sep 


Ccp Correlation 


Belle [291] 


657M 


-0.83 ±0.65 ±0.18 


0.44 ±0.49 ±0.14 -0.08 
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Figure 26: Averages of b — > s'j dominated channels, for which correlated averages are per- 
formed, in the Sep vs. Ccp plane. (Left) B° — > K*j and (right) B° — > K^n -/ (including 
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4.11 Time-dependent CP asymmetries in b — > uud transitions 

The b — > uud transition can be mediated by either a b — > u tree amplitude or a b — > d penguin 
amplitude. These transitions can be investigated using the time dependence of B° decays to 
final states containing light mesons. Results are available from both BABAR and Belle for the 
CP eigenstate (rj = +1) 7t + tt~ final state and for the vector-vector final state p + p~, which is 
found to be dominated by the CP-even longitudinally polarized component (BABAR measure 
/long = 0.992 ± 0.024 [292] while Belle measure /i ong = 0.941 +°;°^ ± 0.030 [293]). BABAR 
have also performed a time- dependent analysis of the vector- vector final state p°p° [294], in 
which they measure /i ong = 0.70 ± 0.14 ± 0.05; Belle measures a smaller branching fraction 
than BABAR for B° — > p°p° [295] with corresponding signal yields too small to perform time- 
dependent or angular analyses. BABAR have furthermore performed a time-dependent analysis 
of the B° afn T decay [296]; further experimental input for the extraction of a from this 
channel is reported in a later publication [297] . 

Results, and averages, of time-dependent CP-violation parameters in b — > uud transitions 
are listed in Table [38j The averages for tt + tt~ are shown in Fig. [271 an d those for p + p~ are 
shown in Fig. [281 with the averages in the Sep vs. Ccp plane shown in Fig. l29l 



Table 38: Averages for b — > uud modes. 

Experiment N(BB) Sep Ccp Correlation 

7T + 7T~ 

BABAR [298] 467M -0.68 ± 0.10 ± 0.03 -0.25 ± 0.08 ± 0.02 -0.06 

Belle [299] 535M -0.61 ± 0.10 ± 0.04 -0.55 ± 0.08 ± 0.05 -0.15 

Average -0.65 ± 0.07 -0.38 ± 0.06 -0.08 
Confidence level 0.055 (1.9a) 



BABAR [212] 387M -0.17 ± 0.20 0.01 ± 0.15 ± 0.06 -0.04 

Belle [300] 535M 0.19 ± 0.30 ± 0.07 -0.16 ± 0.21 ± 0.07 0.10 



Average -0.05 ±0.17 -0.06 ±0.13 0.01 

Confidence level 0.50 (0.7a) 



BABAR 


[294] 


465M 


p°p° 

0.30 ±0.70 ±0.20 


0.20 ±0.80 ±0.30 


-0.04 




Experiment 


N(BB) 


A C p 


C 


S AC 


AS 


BABAR. [296] 


384M 


-0.07 ±0.07 ±0.02 


-0.10 ±0.15 ± 0.09 0.37 ±0.21 ± 0.07 0.26 ± 0.15 ± 0.07 


-0.14 ± 0.21 ± 0.06 



If the penguin contribution is negligible, the time-dependent parameters for B° — > 7r + 7r~ 
and B° — > p + p~ are given by Sb^uud = V sin(2a) and Cb^. U ud = 0. In the presence of the penguin 
contribution, direct CP violation may arise, and there is no straightforward interpretation of 
Sb^uud and Cb^uud- An isospin analysis [301] can be used to disentangle the contributions and 
extract a. 

For the non-CP eigenstate p ± vr =F , both BABAR [203] and Belle |204[ 1205] have performed 
time-dependent Dalitz plot (DP) analyses of the 7r + 7r~7r° final state [201] ; such analyses allow 
direct measurements of the phases. Both experiments have measured the U and / parameters 



94 



7l + 71" S 



CP 



BaBar 



H- 



arXiv:0807.4226 



Belle 

PRL 98 (2007) 21 1 8(tl 



Average 

HFAG correlated avejrage 
-0.9 -0.8 -0.7 



H- 



H FAG 



I ICHEP2008 
PRELIMINARY 



-0.68 ±0.10 ±0.03 



-0.61 ±0.10 ±0.04 
H 



-0.65 ±0.07 



7l + 71" C 



CP 



HFAG 



I ICHEP 2008 
PRELIMINARY 



BaBar 

arXiv:0807.4226 

Belle 

H * H 

PRL 98 (2007) 211801 



-0.6 -0.5 



-0.4 



Average 

HFAG correlated average 
-0.7 -0.6 -0.5 -0.4 -0.3 



-0.25 ±0.08 ±0.02 

-* — r 



-0.55 ±0.08 ±0.05 



-0.38 ± 0.06 



-0.2 -0.1 



Figure 27: Averages of (left) Sb^uud and (right) Cb^uud for the mode B° — » 7r + 7r . 
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Figure 28: Averages of (left) S^ U ud and (right) C^uud for the mode B° — > p + p . 



discussed in Sec. I4.2.4I and defined in Table [19j We have performed a full correlated average of 
these parameters, the results of which are summarized in Fig. [30j 

Both experiments have also extracted the Q2B parameters. We have performed a full 
correlated average of these parameters, which is equivalent to determining the values from the 
averaged U and I parameters. The results are shown in Table. [39j Averages of the B° — > p°7r° 
Q2B parameters are shown in Figs. I3T1 and [321 

With the notation described in Sec. 14.21 (Eq. ( I158P ). the time-dependent parameters for the 
Q2B B° — > p ±r K T analysis are, neglecting penguin contributions, given by 



S, 



pn 



AgV 



sin(2o;) cos(5) , AS, 



fm 



1 — cos(2a) sin((5) 



(191) 



and C p7T = Aq P = 0, where 5 = axg(A- + A* + _) is the strong phase difference between the 
P~tt + and p + 7r~ decay amplitudes. In the presence of the penguin contribution, there is no 
straightforward interpretation of the Q2B observables in the B° — > p ± 7r T system in terms of 
CKM parameters. However direct CP violation may arise, resulting in either or both of C pn ^ 
and Aqp 0. Equivalently, direct CP violation may be seen by either of the decay-type-specific 
observables A p ~ and A~^, defined in Eq. (I159p . deviating from zero. Results and averages for 
these parameters are also given in Table EHJ Averages of the direct CP violation effect in 
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Figure 29: Averages of b — >■ uud dominated channels, for which correlated averages are per- 
formed, in the Sep vs. Cqp plane. (Left) B° — > it + it~ and (right) B° — > p + p~ . 



B° — > p ± n T are shown in Fig. [331 both in A P ^ P vs. C pn space and in A~^ vs. A+~ space. 

Some difference is seen between the BABAR and Belle measurements in the n + ir~ system. 
The confidence level of the average is 0.034, which corresponds to a 2.1a discrepancy. Since 
there is no evidence of systematic problems in either analysis, we do not rescale the errors of 
the averages. The averages for Sb^uud and C^uud in B° — > 7r + 7r~ are both more than 5a away 
from zero, suggesting that both mixing-induced and direct CP violation are well-established in 
this channel. Nonetheless, due to the possible discrepancy mentioned above, a slightly cautious 
interpretation should be made with regard to the significance of direct CP violation. 

In B° — > p ± tt t , however, both experiments see an indication of direct CP violation in the 
Aqp parameter (as seen in Fig. I33i) . The average is more than 3a from zero, providing evidence 
of direct CP violation in this channel. 

Constraints on a 

The precision of the measured CP violation parameters in b — > uud transitions allows 
constraints to be set on the UT angle a. Constraints have been obtained with various methods: 

• Both BABAR [302J and Belle [299J have performed isospin analyses in the nn system. Belle 
exclude 9° < 02 < 81° at the 95.4% CL. while BABAR give a confidence level interpretation 
for a, exclude the range 23° < a < 67° at the 90% CL. In both cases, only solutions in 
0°-180° are considered. 

• Both experiments have also performed isospin analyses in the pp system. The most 
recent result from BABAR is given in an update of the measurements of the B + — > p + p° 
decay [303] . and sets the constraint a = (92.4 111'®) ■ The most recent result from Belle 
is given in an update of the search for the B° — > p°p° decay and sets the constraint 
02 = (91.7 ± 14.9)° [295] . 
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5ure 30: Summary of the U and I parameters measured in the time- dependent B — > tt+tt 7t° 
ilitz plot analysis. 
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Figure 31: Averages of (left) Sb->md and (right) Cb^uud for the mode B° — > p°7r°. 



• The time-dependent Dalitz plot analysis of the B° — > 7r + 7r~7r° decay allows a determi- 
nation of a without input from any other channels. BABAR |203j obtain the constraint 
75° < a < 152° at 68% CL. Belle [204] 1205] have performed a similar analysis, and 
in addition have included information from the SU(2) partners of B — > pn, which can 
be used to constrain a via an isospin pentagon relation [304J. With this analysis, Belle 
obtain the tighter constraint 02 = (83 ^23)° (where the errors correspond to la, i.e. 68.3% 
confidence level). 

• The results from BABAR on B -»■ af 7T T [296] can be combined with results from modes 
related by isospin |305j leading to the following constraint: a — (79 ± 7 ± 11)° |297j . 
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Table 39: Averages of quasi-two-body parameters extracted from time- dependent Dalitz plot 
analysis of B° — > 7r + 7r~7r°. 



Experiment N(BB) 


A p7r 


C <7 




AS pjr 


BABAR HE| 375M - 


■0.14 ±0.05 ±0.02 


0.15 ± 0.09 ± 0.05 -0.03 ± 0.11 ± 0.04 0.39 ± 0.09 ± 0.09 


-0.01 ±0.14 ±0.06 


Belle EI3S1 449M - 


■0.12 ±0.05 ±0.04 


-0.13 ±0.09 ±0.05 0.06 ±0.13 ±0.05 0.36 ± 0.10 ± 0.05 


-0.08 ±0.13 ±0.05 


Average 


-0.13 ±0.04 


0.01 ±0.07 0.01 ±0.09 0.37 ±0.08 


-0.04 ±0.10 


Confidence level 




0.52 (0.6(7 


) 






Experiment 


N(BB) 




A+~ 


Correlation 


BABAR [203] 


375M 


-0.37 0.09 


0.03 ±0.07 ±0.04 


0.62 


Belle |2U4l 1205] 


449M 


0.08 ±0.16 ±0.11 


0.21 ±0.08 ±0.04 


0.47 


Average 




-0.18 ±0.12 


0.11 ±0.06 


0.40 


Confidence level 




0.14 (1.5cr) 






Experiment 


N(BB) 




S p o n o 


Correlation 


BABAR [203] 


375M 


-0.10 ±0.40 ±0.53 


0.04 ±0.44 ±0.18 


0.35 


Belle [2041 1205] 


449M 


0.49 ±0.36 ±0.28 


0.17 ±0.57 ±0.35 


0.08 


Average 




0.30 ±0.38 


0.12 ±0.38 


0.12 



Confidence level 0.76 (0.3cr) 



• Each experiment has obtained a value of a from combining its results in the different 
b — > uud modes (with some input also from HFAG). These values have appeared in talks, 
but not in publications, and are not listed here. 

• The CKMfitter [206J and UTFit [242] groups use the measurements from Belle and BABAR 
given above with other branching fractions and CP asymmetries in B — > nn, pre and pp 
modes, to perform isospin analyses for each system, and to make combined constraints 
on a. 

Note that methods based on isospin symmetry make extensive use of measurements of 
branching fractions and direct CP asymmetries, as averaged by the HFAG Rare Decays sub- 
group (Sec. [7]). Note also that each method suffers from discrete ambiguities in the solutions. 
The model assumption in the B° — > 7r + 7r~7r° analysis allows to resolve some of the multiple 
solutions, and results in a single preferred value for a in [0,7r]. All the above measurements 
correspond to the choice that is in agreement with the global CKM fit. 

At present we make no attempt to provide an HFAG average for a. More details on proce- 
dures to calculate a best fit value for a can be found in Refs. [2061 1242] . 
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Figure 32: Averages of b — > uud dominated channels, for the mode B° — > p°7r° in the Sep vs. 
Cap plane. 
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Figure 33: Direct CP violation in B° — > p ± 7r T . (Left) A^ P vs. C pn space, (right) A p j~ vs. A~tr 
space. 
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4.12 Time-dependent CP asymmetries in b — > cud/ucd transitions 

Non-CP eigenstates such as D ± 7r T , D* ± 7r =F and D ± p^ can be produced in decays of B° mesons 
either via Cabibbo favoured (6 — > c) or doubly Cabibbo suppressed (b — >■ u) tree amplitudes. 
Since no penguin contribution is possible, these modes are theoretically clean. The ratio of the 
magnitudes of the suppressed and favoured amplitudes, R, is sufficiently small (predicted to be 
about 0.02), that terms of 0(R 2 ) can be neglected, and the sine terms give sensitivity to the 
combination of UT angles 2(3 + 7. 

As described in Sec. I4.2.5[ the averages are given in terms of parameters a and c. CP 
violation would appear as a 7^ 0. Results are available from both BABAR and Belle in the 
modes D ± n T and D* ± 7r =F ; for the latter mode both experiments have used both full and partial 
reconstruction techniques. Results are also available from BABAR using D ± p T . These results, 
and their averages, are listed in Table HOI and are shown in Fig. |3U The constraints in c vs. a 
space for the Dir and D*tt modes are shown in Fig. [35j It is notable that the average value of 
a from D*n is more than 3a from zero, providing evidence of CP violation in this channel. 



Table 40: Averages for b — > cud/ucd modes. 



Experiment 




N(BB) 


a 


c 


BABAR (full rec.) 
Belle (full rec.) 
Average 

Confidence level 


|210| 

12141 


232M 
386M 


-0.010 ±0.023 ±0.007 
-0.050 ±0.021 ±0.012 
-0.030 ±0.017 
0.24 (1.2a) 


-0.033 ±0.042 ±0.012 
-0.019 ±0.021 ±0.012 
-0.022 ±0.021 
0.78 (0.3cr) 


BABAR (full rec.) 
BABAR (partial rec.) 
Belle (full rec.) 
Belle (partial rec.) 
Average 
Confidence level 


Ttol Ttol Itol Ttol 
|co| H |o| 


232M 
232M 
386M 
657M 


D*V 

-0.040 ±0.023 ±0.010 
-0.034 ±0.014 ±0.009 
-0.039 ±0.020 ±0.013 
-0.047 ±0.014 ±0.012 
-0.040 ±0.010 
0.96 (O.Oct) 


0.049 ±0.042 ±0.015 
-0.019 ±0.022 ±0.013 
-0.011 ±0.020 ±0.013 
-0.009 ±0.014 ±0.012 
-0.007 ±0.012 
0.61 (0.5cr) 


BABAR (full rec.) 


1210! 


232M 


D ± P t 

-0.024 ±0.031 ±0.009 


-0.098 ±0.055 ±0.018 



For each of Dtt, D*tt and Dp, there are two measurements (a and c, or S + and S~) which 
depend on three unknowns (R, 5 and 2/3 ± 7), of which two are different for each decay mode. 
Therefore, there is not enough information to solve directly for 2(3 ± 7. However, for each 
choice of R and 2(3 ± 7, one can find the value of 5 that allows a and c to be closest to their 
measured values, and calculate the distance in terms of numbers of standard deviations. (We 
currently neglect experimental correlations in this analysis.) These values of A(cx) m i n can then 
be plotted as a function of R and 2(3 + 7 (and can trivially be converted to confidence levels). 
These plots are given for the Dn and D*tt modes in Figure [33 the uncertainties in the Dp 
mode are currently too large to give any meaningful constraint. 

The constraints can be tightened if one is willing to use theoretical input on the values 
of R and/or 6. One popular choice is the use of SU(3) symmetry to obtain R by relating 
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Figure 34: Averages for b — > cud/ucd modes. 



the suppressed decay mode to B decays involving D s mesons. More details can be found in 
Refs. [2061 12l2] . 

4.13 Time-dependent CP asymmetries in b — y cus/ucs transitions 

Time-dependent analyses of transitions such as B° — > D K^tt^ can be used to probe sin(2/3+7) 
in a similar way to that discussed above (Sec. 14.12]) . Since the final state contains three particles, 
a Dalitz plot analysis is necessary to maximise the sensitivity. BABAR |306] have carried out 
such an analysis. They obtain 2/3+7 — (83 ± 53 ± 20)° (with an ambiguity 2/3+7 ^ 2/3+7 + 7r) 
assuming the ratio of the b — > u and b — > c amplitude to be constant across the Dalitz plot at 
0.3. 
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Figure 35: Results from b — > cud/ucd modes. (Top) Constraints in c vs. a space. (Bottom) 
Constraints in 2/3 + 7 vs. R space. (Left) D*n and (right) Dn modes. 
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4.14 Rates and asymmetries in — > K^*^ decays 

As explained in Sec. 14.2.71 rates and asymmetries in B T — > /jMfC*)^ decays are sensitive to 
7. Various methods using different final states exist. 

4.14.1 D decays to CP eigenstates 

Results are available from both BABAR and Belle on GLW analyses in the decay modes B T — > 
DK T , B T -> D*K T and B T -)■ _DiT* T H] Both experiments use the CP-even D decay final 
states K + K~ and 7r + 7r~ in all three modes; both experiments generally use the CP-odd decay 
modes K^n , K®u and K®<j), though care is taken to avoid statistical overlap with the K®K + K~ 
sample used for Dalitz plot analysis (see Sec. I4.14.3p . and asymmetric systematic errors are 
assigned due to CP-even pollution under the K®cu and K®(p signals. Both experiments also use 
the D* Dtt° decay, which gives CP(D*) = CP{D); BABAR in addition use the D* ->• P>7 
decays, which gives CP(D*) = —CP(D). In addition, results from CDF, using 1 fb _1 , are 
available in the decay mode B T — > DK T , for CP-even final states (K + K~ and 7r + 7r~) only. 
The results and averages are given in Table SH arid shown in Fig. [36j 



Table 41: Averages from GLW analyses of b — > cus/ucs modes. 


Experiment 


N(BB) 


Acp+ 


A CP - 


Rcp+ 


Rcp- 








D CP K- 






BABAR [HDS! 


382M 


0.27 ±0.09 ±0.04 


-0.09 ±0.09 ±0.02 


1.06 ±0.10 ±0.05 


1.03 ±0.10 ±0.05 


Belle [309J 


275M 


0.06 ±0.14 ±0.05 


-0.12 ±0.14 ±0.05 


1.13 ±0.16 ±0.08 


1.17 ±0.14 ±0.14 


CDF [3TU] 




0.39 ±0.17 ±0.04 




1.30 ±0.24 ±0.12 




Average 




0.24 ±0.07 


-0.10 ±0.08 


1.10 ±0.09 


1.06 ±0.10 


Confidence level 


0.32 (I.Oct) 


0.86 (0.2ct) 


0.70 (0.4ct) 


0.54 (0.6ct) 








D* CP K- 






BABAR |311j 


383M 


-0.11 ±0.09 ±0.01 


0.06 ±0.10 ±0.02 


1.31 ±0.13 ±0.03 


1.09 ±0.12 ±0.04 


Belle [309J 


275M 


-0.20 ±0.22 ±0.04 


0.13 ±0.30 ±0.08 


1.41 ±0.25 ±0.06 


1.15 ±0.31 ±0.12 


Average 




-0.12 ±0.08 


0.07 ±0.10 


1.33 ±0.12 


1.10 ±0.12 


Confidence level 


0.71 (0.4ct) 


0.83 (0.2ct) 


0.73 (0.4ct) 


0.87 (0.2ct) 








D CP K*- 






BABAR [312] 


379M 


0.09 ±0.13 ±0.06 


-0.23 ± 0.21 ± 0.07 2.17 ± 0.35 ± 0.09 


1.03 ±0.27± 0.13 



4.14.2 D decays to suppressed final states 

For ADS analysis, both BABAR and Belle have studied the modes B T — > DK T and B T — > Dtt t . 
BABAR has also analyzed the B T — > D*K T and B T — > DK* T modes. There is an effective 
shift of 7r in the strong phase difference between the cases that the D* is reconstructed as Dir° 
and P>7 [313] . therefore these modes are studied separately. K* T is reconstructed as K®tt t . 
In all cases the suppressed decay D — > K + n~ has been used. BABAR also has results using 
B T — > DK T with D — > K + 7t~tt . The results and averages are given in Table H2 and shown 

29 We do not include a preliminary result from Belle 307 , which remains unpublished after more than two 
years. 
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Figure 36: Averages of A C p and Rep from GLW analyses. 

in Fig. |37l Note that although no clear signals for these modes have yet been seen, the central 
values are given. 

BABAR [317] have also presented results on a similar analysis with self-tagging neutral B 
decays: B° -> DR*° with D R~n + , D R-it+tt and D -» R-ji+tv+ti- (all with R*° 
R + ir~). Effects due to the natural width of the R*° are handled using the parametrization 
suggested by Gronau [318] . 

The following 95% C.L. limits are set: 

R ADS (Rn) < 0.244 R ADS (Rnn°) < 0.181 R ADS (Rnnn) < 0.391 . (192) 

Combining the results and using additional input from CLEOc [3191 |B20J a limit on the 
ratio between the b — > u and b — > c amplitudes of r s e [0.07, 0.41] at 95% C.L. limit is set. 
Belle [321] have also presented results that set constraints on r s . 

4.14.3 D decays to multiparticle self-conjugate final states 

For the Dalitz plot analysis, both BABAR |322j and Belle [3231 1324j have studied the modes 
B T -> DR T , B T -> D*RT and B T ->■ DR**. For B T -> D*R T , both experiments have 
used both D* decay modes, D* — > Dtt° and D* — > Dj, taking the effective shift in the strong 
phase difference into account. In all cases the decay D — > Rg7T + 7T~ has been used. BABAR 
also used the decay D — > R° S R + R~ . BABAR has also performed an analysis of B T — > DR T 
with D — > 7r + 7r _ 7r [232j . Results and averages are given in Table |4"31 The third error on each 
measurement is due to D decay model uncertainty. 

The parameters measured in the analyses are explained in Sec. 14.2.71 Both BABAR and 
Belle have measured the "Cartesian" (x±,y±) variables, and perform frequentist statistical 
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Table 42: Averages from ADS analyses of b — > cus/ucs and b — > cud/ucd modes. 



Experiment 




iv yij d j 


^iADS 


-Rads 








iJii , D —> K 7T 




BABAR 






n 70 _i_ n qk +0.09 
— u. i u in u.oo _q ^ 


n ni -i- n nn^ 4- n nn97 

U.UIOO 31 U.UUOO 31 U.UUZ 1 


Belle 


[315J 


00 / M 


fl 1 Q +0.97 [ pi r)(? 

— U.lo _ 8 g ± U.zo 


n nnsn +0.0063 +0.0020 

U.UUOU _o.0057 -0.0028 


Average 






— u.uz nz u.o^ 


fi ni 1 n 4- n nnzL^ 

U.U11U 31 


Confidence level 




n £7 /'n ^^-A 
U.0< (U.oa) 


U.OO (^11.0(7 ) 








- n* n-TT n R"+-7r _ 

. V .y f U l\ , r .TV /( 




BABAR 


m\ 


426M 


0.77 ±0.35 ±0.12 


n ni fi -U n nno -u n nn/i 
U.Ulo ± U.UUy ± U.UU4 






D*K 


£>* -+ D7, D -+ iT+Tr- 




BABAR 


[314] 


426M 


0.36 ±0.94 ±°;lf 


0.013 ±0.014 ±0.007 






DK*-, 






BABAR 




379M 


-0.34 ±0.43 ±0.16 


0.066 ±0.031 ±0.010 






DK~, D -4 K+n-n 




BABAR 




226M 




0.012 ±0.012 ±0.009 














BABAR 




426M 




0.0033 ±0.0006 ±0.0003 


Belle 


m 


657M 


— 0.023 ± 0.218 ± 0.071 


n nn f ?/i +0.0006 +0.0001 

U.UUOO _o.0005 -0.0002 


Average 








0.0034 ± 0.0004 


Confidence level 






0.91 (0.1a) 






D*7T- 


, L>* -+ Drr , L> -+ K + it- 




BABAR 


[3T4J 


426M 




0.0032 ±0.0009 ±0.0009 






D*7l 


-, D* — )■ i>y, D — >■ fC+rr- 




BABAR 


m 


426M 




0.0027 ±0.0014 ±0.0022 



procedures, to convert these into measurements of 7, tb and 8b- In the B T — » DK T with 
.D —7- 7r + 7r _ 7r° analysis, the parameters (p ± ,8 ± ) are used instead. 

Both experiments reconstruct K* T as Kg7r T , but the treatment of possible nonresonant 
K®tt t differs: Belle assign an additional model uncertainty, while BABAR use a reparametrization 
suggested by Gronau [318J. The parameters r B and 5b are replaced with effective parameters 
Kr s and 5 S ; no attempt is made to extract the true hadronic parameters of the B T — > DK* T 
decay. 

We perform averages using the following procedure, which is based on a set of (more or less) 
reasonable, though imperfect, assumptions. 

• It is assumed that effects due to the different D decay models used by the two experiments 
are negligible. Therefore, we do not rescale the results to a common model. 

• It is further assumed that the model uncertainty is 100% correlated between experiments, 
and therefore this source of error is not used in the averaging procedure. (This approx- 
imation is significantly less valid now that the BABAR results include D — > K®K + K~ 
decays in addition to D — > K®it + -n- .) 
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R ADS Averages 



H FAG 



I Beauty 2009 
PRELIMINARY 



T BaBar ' 

EPS 2009 preliminary 

Belle 

PRD 78 (2008) 071901 

Average 

HFAG 

BaBar 

EPS 2009 preliminary 

Average 

HFAG 

BaBar 

EPS 2009 preliminary 

Average 

HFAG 

BaBar 

arXiv:0909.3981 

Average 

HFAG 

BaBar 

PRD 76 (2007) 111101 

Average 

HFAG 

BaBar 

EPS 2009 preliminary 
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PRD 78 (2008) 071901 

Average 

HFAG 

BaBar 

EPS 2009 preliminary 
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HFAG 

BaBar 

EPS 2009 preliminary 
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Q 

a * 

i 



0.014 ±0.005 ± 0.003 
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0.013 ±0.016 
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: 0.009 


-1 
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O.CI? • 


D.CI? : 



0.012 ±0.015 

"0.003+"0:001 ±0.000" 
0.003 ±0.001 ±0.000 

0.003 ± 0.000 
"0.003 + 0S01" ±0.001" 
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" 0.003 "± "0:001" ± QMS" 

0.003 ± 0.003 



Q 
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Figure 37: Averages of -Rads- 



• We include in the average the effect of correlations within each experiments set of mea- 
surements. 

• At present it is unclear how to assign an average model uncertainty. We have not at- 
tempted to do so. Our average includes only statistical and systematic error. An unknown 
amount of model uncertainty should be added to the final error. 

• We follow the suggestion of Gronau |318] in making the DK* averages. Explicitly, we 
assume that the selection of K — > K^ti^ 1 is the same in both experiments (so that k, 
r s and S s are the same), and drop the additional source of model uncertainty assigned by 
Belle due to possible nonresonant decays. 

• We do not consider common systematic errors, other than the D decay model. 
Constraints on 7 

The measurements of (x±, y±) can be used to obtain constraints on 7, as well as the hadronic 
parameters r B and 5b- Both BABAR |322] and Belle |323[ 1324] have done so using a frequentist 
procedure (there are some differences in the details of the techniques used). 

• BABAR obtain 7 = (76 ± 22 ± 5 ± 5)° from DK*, D*K± and DK*± 

• Belle obtain 3 = (78 ±\\ ± 4 ± 9)° from DK± and D*K* 

• The experiments also obtain values for the hadronic parameters as detailed in Tab. HH 

• Improved constraints can be achieved combining the information from B^ — > DK^ anal- 
ysis with different D decay modes. The experiments have not yet published such results, 
and none are listed here. 
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Table 43: Averages from Dalitz plot analyses of b — >■ cus/ucs modes. Note that the uncer- 
tainities assigned to the averages do not include model errors. 



Experiment N(BB) x + y + 



DK~, D -> AI'tt+tt- 

BABAR |322| 383M -0.067 ±0.043 ±0.014 ±0.011 -0.015 ± 0.055 ± 0.006 ± 0.008 0.090 ± 0.043 ± 0.015 ± 0.011 0.053 ± 0.056 ± 0.007 ± 0.015 

Belle 1323 657M -0.107 ± 0.043 ± 0.011 ± 0.055 -0.067 ± 0.059 ± 0.018 ± 0.063 0.105 ± 0.047 ± 0.011 ± 0.064 0.177 ± 0.060 ± 0.018 ± 0.054 

Average -0.087 ± 0.032 -0.037 ±0.041 0.104 ± 0.033 0.111 ±0.042 
Confidence level 0.54 (0.6cr) 

D'K~, D' -> Dw° or Dj, D -> A'^+Tr" 

BABAR |322| 383M 0.137 ± 0.068 ± 0.014 ± 0.005 0.080 ± 0.102 ± 0.010 ± 0.012 -0.111 ± 0.069 ± 0.014 ± 0.004 -0.051 ± 0.080 ± 0.009 ± 0.010 

Belle j322| 657M 0.083 ± 0.092 ± 0.081 0.157 ± 0.109 ± 0.063 -0.036 ± 0.127 ± 0.090 -0.249 ± 0.118 ± 0.049 

Average 0.117 ± 0.055 0.117 ± 0.075 -0.082 ± 0.061 -0.119 ±0.066 
Confidence level 0.59 (0.5a) 

DK*-, D A>+jr- 

BABAR |322| 383M -0.113 ± 0.107 ± 0.028 ± 0.018 0.125 ± 0.139 ± 0.051 ± 0.010 0.115 ± 0.138 ± 0.039 ± 0.014 0.226 ± 0.142 ± 0.058 ± 0.011 

Belle |323 386M -0.105 IS ± 0.006 ± 0.088 -0.004 ^ [g ± 0.013 ± 0.095 -0.784 tK ± 0.029 ± 0.097 -0.281 t° a H° ± 0.046 ± 0.086 

Average -0.117 ± 0.092 0.067 ±0.108 -0.097 ± 0.127 0.161 ±0.143 
Confidence level 0.008 (2.7<r) 



Experiment 


N(BB) 


P + 


6+ 


P 


0- 








DR-, D -> Tr+Tr-jr" 






BABAR |232! 


324M 


0.75 ±0.11 ±0.04 
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0.72 ± 0.11 ± 0.04 
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Figure 38: Contours in the (x±,y±) from B T D(*)K(*)±. (Left) B T DK T , (middle) 
B T — > D*K T , (right) B T — > DK* T . Note that the uncertainities assigned to the averages 
given in these plots do not include model errors. 



• The CKMfitter [206J and UTFit [242] groups use the measurements from Belle and BABAR 
given above to make combined constraints on 7. 

• In the BABAR analysis of B T DK T with D tt+tt^tt [232], a constraint of -30° < 
7 < 76° is obtained at the 68% confidence level. 

At present we make no attempt to provide an HFAG average for 7, nor indeed for the 
hadronic parameters. More details on procedures to calculate a best fit value for 7 can be 
found in Refs. [20611212] . 

BABAR [325J have also performed a similar Dalitz plot analysis to that described above using 
the self-tagging neutral B decay B° — > DK*° (with K*° — > K + ir~). Effects due to the natural 
width of the K*° are handled using the parametrization suggested by Gronau [318J. 

BABAR extract the three-dimensional likelihood for the parameters (7, 5s, r$) and, combining 
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Figure 39: Averages of (x±,y±) from B ± — >■ £)(*)_ft'(*) ± . (Top left) x + , (top right) y + , (bottom 
left) x_, (bottom right) y_. Note that the uncertainities assigned to the averages given in these 
plots do not include model errors. 

with a separately measured PDF for r$ (using a Bayesian technique), obtain bounds on each 
of the three parameters. 

7 = (162 ±56)° (5 5 = (62 ±57)° r s < 0.55 , (193) 

where the limit on rs is at 95% probability Note that there is an ambiguity in the solutions 
(l^s O 7 + 7T,r5 5 + 71"). 
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In DK± 

BABAR 0.086 ± 0.035 SsiDK*) = (109 

Belle 0.160 1°°38± O.Oll^o (138^±4±23)° 



In WK^ 



BABAR 0.135 ±0.051 (2971$)° 

Belle 0.196 lg;gg± 0.012 lg;g^ (342 ± 3 ± 23)° 

In DK*± 

BABAR nr s = 0.163 5 S = (104 +^)° 

Belle 0.56 ^±0.04 ±0.08 (243^g±3±50)° 

Table 44: Summary of constraints on hadronic parameters in B ± — > D^K^*^ decays. Note 
the alternative parametrisation of the hadronic parameters used by BABAR in the DK*^ mode. 
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5 Semileptonic B decays 



Measurements of semileptonic I?-meson decays are an important tool to study the magnitude 
of the CKM matrix elements \V c b\ and \V U b\, the Heavy Quark parameters (e.g. b and c-quark 
masses), QCD form factors, QCD dynamics, new physics, etc. 

In the following, we provide averages of exclusive and inclusive branching fractions, the 
product of \V c b\ and the form factor normalization and for B — > D*£~V^ and B — > 
D£~Vi decays, respectively, and \ V u b\ as determined from inclusive and exclusive measurements 
of B — > X u ivi decays. We will compute Heavy Quark parameters and extract QCD form 
factors for B — > D*£~Vi decays. Throughout this section, charge conjugate states are implicitly 
included, unless otherwise indicated. 

Brief descriptions of all parameters and analyses (published or preliminary) relevant for the 
determination of the combined results are given. The descriptions are based on the information 
available on the web page at 

http : / /www . slac . Stanford . edu/xorg/hf ag/semi/EndOf Year09 
A description of the technique employed for calculating averages was presented in the previous 
update [1]. Asymmetric errors have been introduced in the current averages for B — > X u £v 
decays to take into account theoretical asymmetric errors. 

5.1 Exclusive CKM-favored decays 

Averages are provided for the branching fractions B(B — > D£~Vi) and BiB — > D*l~Vi). We 
then provide averages for the inclusive branching fractions B(B — > D^ir£~Ve) and for B 
semileptonic decays into orbitally-excited P-wave charm mesons (£)**). As the D** branching 
fraction is poorly known, we report the averages for the products B(B~ — > D**{D (y *\)£^Vi) x 
B{D** DW?r). In addition, averages are provided for J-"(1)|V^,| vs p 2 , where ^(1) and p 2 are 
the normalization and slope of the form factor at zero recoil in B — > D*£~Vg decays, and for 
the corresponding quantities {?(l)|Vd,| vs p 2 in B — > D£~Vi decays. 

5.1.1 B Dl~V t 

The average branching fraction B(B — > D£~Vp) is determined by the combination of the re- 
sults provided in Table H5] and HE1 for B — > D + £~Vg and B~ — > D°£~Vf , respectively. The 
measurements included in the average are scaled to a consistent set of input parameters and 
their errors [326] • Therefore some of the (older) measurements are subject to considerable 
adjustments. The branching fractions are obtained from the integral over the measured differ- 
ential decay rates, apart for the BABAR results, for which the semileptonic B signal yields are 
extracted from a fit to the missing mass squared in a sample of fully reconstructed BB events. 
Figure HQ] illustrates the measurements and the resulting average. 

Recent measurement [3321 333J assume isospin conservation for the B — >• D£~Vi decays and 
are averaged independently from the previous determinations of the BiB — )■ D£~V() average 
branching fraction. Figure SH and table H3 illustrates the measurements and the resulting 
average. 

The average for £7(l)|Vd,| is determined by the two-dimensional combination of the results 
provided in Table HHJ Figure H2] (a) provides a one-dimensional projection for illustrative 
purposes, (b) illustrates the average {?(1)|V^>| and the measurements included in the average. 
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Table 45: Average of the branching fraction B(B° — > D + £ v) and individual results. 



Experiment 


B(B° -> D + £-V)[%] (rescaled) 


B(B° -> D + £-u)[%] (published) 


ALEPH |327| 
CLEO |328| 
Belle |329| 
BABAR [330] 


2.25±0.18 stat ±0.36 syst 
2.12±0.13 stat ±0.15 syst 
2.10±0.12 stat ±0.39 syst 
2.20±0.11 stat ±0.12 syst 


2.35 ± 0.18 stat ± 0.44 syst 
2.20±0.13 stat ±0.18 syst 
2.13 ± 0.12 stat ± 0.41 syst 
2.22±0.11 stat ±0.12 syst 


Average 


2.17 ± 0.12 


X 2 /dof = 0.2/3 (CL=98%) 



Table 46: Average of the branching fraction B(B — > D°£ ug) and individual results. 



Experiment 


B(B~ D°fv t )[%] (rescaled) 


B(B~ ->■ D°£~V e )[%] (published) 


CLEO-2 |328 
CLEO |331| 
BABAR [330J 


2.19±0.13 stat ±0.17 syst 
1.66±0.6 stat ±0.21 syst 
2.27 ± 0.09 stat ± 0.09 syst 


2.21 ± 0.13 stat ± 0.19 syst 

1.60 ± 0.6 stat ± 0.3 syst 
2.33 ± 0.09 stat ± 0.09 syst 


Average 


2.23 ± 0.11 


X 2 /dof = 0.95/2 (CL=62%) 
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2.17 ± □ 12 












1 


1 



1.5 



2 2.5 
B(B%D"lv) [%] 



CLEO-2 

2.19 ±0.13 ±0.17 



CLEO 

1.66 ±0.60 ±0.21 h 



BABAR 

2.27 ± 0.09 ± 0.0 



HFAG 



| End of 2009] 

X 2 /doi = 0.9/ 2 (CL = 62 %) 



b) 



0.5 



1.5 2 _ Q 2.5 

B(B -^D lv)[%] 



=:0 



Figure 40: Average branching fraction of exclusive semileptonic B decays (a) B — > D + £ vi 
and (b) B~ — > D°£~Ve and individual results. 



For a determination of |V^|, the form factor at zero recoil G(l) needs to be computed. 
Using an unquenched lattice calculation [334j, corrected by a factor of 1.007 for QED effects, 
we obtain 

|V c6 | = (39.2 ± 1.4 cxp ± 0.9 thco ) x 10- 3 , 
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Table 47: Average of the branching fraction BiB — > D°£ vp) and individual results. 



Experiment 


B[B- ->■ D°£-I7 £ )[%] (rescaled) 


B{B- -+D u tT7i)[%] (published) 


BABAR [332J 
BABAR [333J 


2.34±0.03 stat ±0.12 syst 
2.30 ± 0.06 stat ± 0.08 syst 


2.34±0.03 stat ±0.13 syst 
2.30 ± 0.06 stat ± 0.08 syst 


Average 


2.31 ± 0.09 


X 2 /dof = 0.11 (CL=71%) 



BaBar Untagged 








2.34 ±0.03 ±0.12 




— • — ' — 




BaBar Tagged 








2.30 ± 0.06 ± 0.08 








Average 








2.31 ±0.09 
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Figure 41: Average branching fraction of exclusive semileptonic B decays B — > D£ vg and 
individual results assuming isospin conservation. 



where the third error is due to the theoretical uncertainty in Q(l). As an alternative, we use a 
quenched lattice calculation based on the Step Scaling Method (SSM) [335], and obtain 

\V cb \ = (40.9 ± 1.5 cxp ± 0.7 thco ) x 10- 3 . 

5.1.2 B D*t~V t 

The average branching fraction B(B — > D*i~Vi) is determined by the combination of the results 
provided in Table H9] and [501 f° r B — > D^t'Vg and B — > D*°£~Vi, respectively. Advances 
have also been made in the determination of \V c f,\ from exclusive B — > D*£~nue decays with 
substantially improved measurements of the form factor ratios Ri and i?2- 

For the B{B~ — > D* £~Vi), the average is performed as for the B — > D£~Vi modes, by scaling 
the different measurements to a common set of input parameters. For the B(B — > D* + £~Vg), 
the average is performed with a new method that combines all the information available from the 
different experiments regarding the measurements of |V^,|, the slope parameter p 2 and the other 
form-factor parameters Ri and R 2 A global x 2 is built incorporating all the inputs provided 
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Table 48: Average of (j(1)|V^,| determined in the decay B° — > D + £ v and individual results. 
The fit for the average has x 2 /dof = 0.3/4. The total correlation between the average G(1)|V^| 
and p 2 is 0.93. 



Experiment 


G(l)\V cb \[10- 3 ] (rescaled) 
G(l) |K;,|[10- 3 ] (published) 


p 2 (rescaled) 
p 2 (published) 


ALEPH [327] 


38.3 ± 11.8 stat ± 6.2 syst 
31.1 ± 9.9 stat ± 8.6 syst 


0.92 ± 0.98 stat ± 0.36 syst 
0.70 ± 0.98 stat ± 0.50 syst 


CLEO [323] 


44.7±5.9 stat ±3.45 syst 
44.8 ± 6.1 stat ± 3.7 syst 


1.27±0.25 stat ±0.14 syst 
1.30±0.27 stat ±0.14 syst 


Belie [329] 


40.85 ±4.4 stat ±5.14 syst 
41.1±4.4 stat ±5.1 syst 


1.12±0.22 stat ±0.14 syst 
1.12±0.22 stat ±0.14 syst 


BABAR [332] 


43.1 ± 0.8 stat ± 2.1 syst 
43.1 ± 0.8 stat ± 2.3 syst 


1.20 ± 0.04 stat ± 0.06 syst 
1.20 ± 0.04 stat ± 0.07 syst 


BABAR [333] 


42.3 ± 1.9 stat ± 1.0 syst 
42.3 ± 1.9 stat ± 1.0 syst 


1.20 ± 0.09 stat ± 0.04 syst 
1.20 ± 0.09 stat ± 0.04 syst 


Average 


42.3 ± 1.5 


1.18 ± 0.06 



ALEPH 

38.29 + 11.80 + 6.09 



CLEO 

44.69 + 5.90 + 3.42 



BELLE 

40.85 + 4.40 + 5.14 



BABAR Global Fil 
43.10 + 0.80 + 2.10 



BABAR Tagged 
42.30 + 1.90 ± 1.00 



Average 

42.30 ±0,70 ±1.30 
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Figure 42: (a) Illustration of C7(l)|V c fe| vs. p 2 . The error ellipses correspond to A% 2 = 1. (b) 
Illustration of the average C7(1)|V^,| and rescaled measurements of exclusive B — > DlV^ decays 
determined in a two-dimensional fit. 



by each experiment. The dependence of the ^(1)1 V c b\ — p 2 only measurements on the global 
values of R\ and R 2 is explicitly included through a Taylor expansion in AR 12 = — RY-T 
where R^ 1 are some nominal values for the form-factor parameters. Statistical correlations 
between measurements from the same experiment are taken into account. The form-factor 
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Table 49: Average branching fraction B(B° — > D* + £~V) and individual results, where "excl" 
and "partial reco" refer to full and partial reconstruction of the B° — > D* + l~T> decay, respec- 
tively. 



Experiment 



B(B° D 



*+f-T7 



v 7o 



(rescaled) 



B(B° D*+£-v)[%) (published) 



5.29±0.24 stat ±0.19 syst 
5.10±0.19 stat ±0.37 syst 
5.52±0.26 stat ±0.42 syst 
4.93±0.15 stat ±0.17 syst 
4.40 ± 0.03 stat ± 0.25 syst 
5.65±0.18 stat ±0.19 syst 
5.41±0.18 stat ±0.33 syst 
4.59 ± 0.04 stat ± 0.24 syst 
5.40±0.16 stat ±0 .25 syst 



ALEPH (excl) [327J 

OPAL (excl) [336] 

OPAL (partial reco) [336J 

DELPHI (partial reco) [337] 

Belle (excl) [338] 

CLEO (excl) [339] 

DELPHI (excl) [340J 

BABAR (excl) [3411 

BABAR (tagged) [330] 



5.53 ± 0.26 stat ± 0.52 syst 
5.11±0.20 sta t±0.49 syst 
5.92 ± 0.28 stat ± 0.68 syst 

4.70 ± 0.14 stat syst 

4.42 ± 0.03 stat ± 0.25 syst 
6.09 ± 0.19 stat ± 0.40 syst 
5.90 ± 0.20 stat ± 0.50 syst 
4.69 ± 0.04 stat ± 0.34 syst 
5.49 ± 0.16 stat ± 0.25 syst 



Average 



5.05 ± 0.12 



X 2 /dof = 16.6/9 (CL=5.5%) 



Table 50: Average of the branching fraction B(B — > D*°£ v) and individual results. 



Experiment 


B[B- D*°£-V)[%] (rescaled) 


B[B- ->■ D*°£-V)[%] (published) 


ARGUS [332] 
CLEO |339| 
BABAR [330J 


6.07±1.40 stat ±1.0 syst 
6.58 ± 0.2 stat ± 0.39 syst 
5.71 ± 0.15 stat ± 0.30 syst 


6.6 ± 1.6 sta t ± l-5 sys t 
6.50 ± 0.20 stat ± 0.43 syst 
5.80 ± 0.15 stat ± 0.30 syst 


BABAR [343J 


5.32 ± 0.08 stat ± 0.40 syst 


5.56 ± 0.08 stat ± 0.41 syst 


BABAR [332J 


5.40 ± 0.02 stat ± 0.21 syst 


5.40 ± 0.02 stat ± 0.21 syst 


Belle [344J 


4.83 ± 0.04 stat ± 0.56 syst 


4.84 ± 0.04 stat ± 0.56 syst 


Average 


5.63 ± 0.18 


X 2 /dof = 12.7/5 (CL=2.5%) 



parametrization derived by Caprini, Lellouch and Neubert [345] is used. 

The x 2 minimization gives values for the form-factor parameters equal to Rl = 1.410±0.049 
and i?2 = 0.844 ± 0.027. The errors contain both the common and the experiment dependent 
systematic uncertainties. 

The values extracted from the fit for J-"(l)|V^b| and the form-factor parameters are used to 
obtain the BiB — > D* + l~V^) branching fractions by computing the integral over the measured 
differential decay rates. The B(B — > D* + £~V() average is computed form these inputs, apart 
for the BABAR results [330J, for which the semileptonic B signal yields are extracted from a fit 
to the missing mass squared in a sample of fully reconstructed BB events. This measurement 
is rescaled to the common set of input parameters, and then averaged with the other ones, 
neglecting at this stage remaining correlations. Figure H3] illustrates the measurements and the 
resulting average for the B{B — > D*i~V(). 

The average for F(l)|Vd,| is determined by the two-dimensional combination of the results 
provided by the global x 2 minimization described above: the corresponding values are reported 
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in TableEU This allows the correlation between F(1)|T4&| and p 2 to be maintained. Figure l4"47 a) 
illustrates the average F(l)|Vd,| and the measurements included in the average. Figure l4~4l b) 
provides a one- dimensional projection for illustrative purposes. The largest systematic errors 
correlated between measurements are owing to uncertainties on: R^, the ratio of production 
cross-sections cr^/a^, the B° fraction at yfs = m z o, the branching fractions B(D° — > K~n + ) 
and B(D° — > K~7t + tt°), the correlated background from D**, and the D* form factor ratios R\ 
and i?2- Together these uncertainties account for about two thirds of the systematic error. In all 
the measurements the total systematic errors are reduced with respect to the published values 
because the values and uncertainties assumed for parameters on which these measurements 
depend, for example Ri and R2, have since been better determined. The x 2 /dof = 38.7/23 
corresponds to a 2.1% confidence level, suggesting some caution in interpreting the errors on 
the average. 

Table 51: Average of F(l)|Vd,| determined in the decay B° — > D* + £~V and individual results, 
where "excl" and "partial reco" refer to full and partial reconstruction of the B° — >■ D* + £~V 
decay, respectively. The fit for the average has x 2 /dof = 38.7/23 (CL=2.1 %). The total 
correlation between the average -F(1)|V^,| and p 2 is 0.23. 



Experiment 


F(l)\V cb \[lO- 3 ] (rescaled) 
F(l)|V c6 |[10~ 3 ] (published) 


p 2 (rescaled) 
p 2 (published) 


ALEPH (excl) [32?] 


31.0 zb 1.7 sta t i l-3 sys t 
31.9 ± 1.8 stat ± 1.9 syst 


0.51±0.19 stat ±0.09 syst 
0.37±0.26 stat ±0.14 syst 


OPAL (excl) USE] 


36.6 ± 1.6 stat ± 1.5 syst 
36.8 ± 1.6 stat ± 2.0 syst 


1.24 ± 0.20 stat ± 0.14 syst 
1.31 ± 0.21 stat ± 0.16 syst 


OPAL (partial reco) [336] 


37.2 zb 1.2 stat zb 2.4 sys t 
37.5 zb 1.2 stat zb 2.5 sys t 


1.16 ± 0.13 stat ± 0.27 syst 
1.12 ± 0.14 stat ± 0.29 syst 


DELPHI (partial reco) [337] 


35.4 ± 1.4 stat ± 2.3 syst 
^ ^ -1- 1 A +2 - 3 

OO.O zc l.^^at „2.4syst 


1.19 ± 0.13 stat ± 0.25 syst 

1.34 zb 0.14 stat _o'22syst 


Belle (excl) [338] 


34.3 ± 0.3 stat ± 1.0 syst 
34.4±0.3 stat ±l.l syst 


1.29 =b 0.04 stat ± 0.03 syst 
1.29 rb 0.04 stat ± 0.03 syst 


CLEO (excl) [339] 


39.9 ± 1.3 stat ± 1.7 syst 
43.1 ± 1.3 stat ± 1.8 syst 


1.37±0.08 stat ±0.18 syst 
1.61 ± 0.09 stat ± 0.21 syst 


DELPHI (excl) 


340] 


36.1±1.8 stat ±1.9 syst 
39.2 ± 1.8 stat ± 2.3 syst 


1.09±0.14 stat ±0.15 syst 
1.32 ± 0.15 stat ± 0.33 syst 


BABAR (excl) [341J 


34.0±0.3 stat ±l.l syst 
34.7±0.3 stat ±l.l syst 


1.18 ± 0.05 stat ± 0.03 syst 
1.18 ± 0.05 stat ± 0.03 syst 


BABAR (D*°) 


[333] 


35.1 ± 0.8 stat ± 1.4 syst 
35.9 ± 0.6 stat ± 1.4 syst 


1.14 ± 0.06 stat ± 0.08 syst 
1.16 ± 0.06 stat ± 0.08 syst 


BABAR (Global) [332J 


35.7 =b 0.2 stat ± 1.2 syst 
35.7 ± 0.2 stat zb 1.2 syst 


1.20±0.02 stat ±0.07 syst 
1.21 ± 0.02 stat ± 0.07 syst 


Average 


36.04 ± 0.52 


1.24 ± 0.04 



For a determination of | V c b\ , the form factor at zero recoil F(l) needs to be computed. A pos- 
sible choice is F(l) = 0.92lto;°2o [346] , which, taking into account the QED correction(+0.7%), 
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gives m 

\V cb \ = (38.9 ± 0.6 cxp ± 1.0 thco ) x 10" 
where the errors are from experiment and theory, respectively. 



ALEPH (excl) 
5.29 ±0.24 ±0.19 
OPAL (excl) 
S.10±0.19±0.37 
CLEO 

5.65±0.1S±0.19 
OPAL (partial reco) 
5.52 ± 0.26 ± 0.42 
DELPHI (partial reco) 
4.93 ±0.15 ±0.17 

BELLE (excl) 

4.40 ± 0.03 ± 0.25 

DELPHI (excl) 

5.41 ±0.18±0.33 

BABAR (excl) 
4.59 ± 0.04 ± 0.30 

BABAR (tagged) 
5.40 ±0.16 ±0.25 
Average 
5.05 ±0.12 



a) 



HFAG 



X 2 /doi= 16.6/9 (CL= 6%) 



| End of 2009 \ 



B(B — > D* " 1 + v) [%] 



CLEO 

6.58 ±0.20 ±0.39 

ARGUS 

6.07 ± 1.40 ± 1.10 

BABAR Tagged 
5.71 ±0.15 ±0.30 

BABAR Untagged 
5.32 ± 0.08 ± 0.40 

BABAR Global 
5.40 ±0.02 ±0.21 

BELLE 

4.83 ± 0.04 ±0.56 1 

Average 
5.63 ±0.18 



HFAG 



\End of2009\ 

3tVdof= 12.7/5 (CL= 3 %) 



b) 



6 8 
B(B + -> D 1 + v) [%] 



B° -»■ D* + l 



Figure 43: Average branching fraction of exclusive semileptonic B decays {a,) ts — > u~^l~vi 
and (b) B~ — > D*°£~T>i and individual results. At LEP, the measurements of B° — >■ D* + £~V 
decays have been done both with inclusive ("partial reco") and exclusive ("excl") analyses 
based on a partial and full reconstruction of the B° — > D* + £~V decay, respectively. 



5.1.3 B D^ir£-V e 

The average inclusive branching fractions for B — > D*tt£~V£ decays , where no constrain is 
applied to the hadronic D^n system, are determined by the combination of the results provided 
in Table E2j - [33] for B° -> D^it+tV^ B° ->■ D*°ir + £-V e , B~ -> D + 7r~£~U£, and B" -> 
D* + n~£~V£. The measurements included in the average are scaled to a consistent set of input 
parameters and their errors [326] . 

For both the BABAR and Belle results, the B semileptonic signal yields are extracted from 
a fit to the missing mass squared in a sample of fully reconstructed BB events. 

Figure H5j illustrates the measurements and the resulting average. 

5.1.4 B D**l-V t 

The D** mesons contain one charm quark and one light quark with relative angular momentum 
L — 1. According to Heavy Quark Symmetry (HQS) [348J, they form one doublet of states 
with angular momentum j = s q + L = 3/2 [D\ (2420), 1^2(2460)] and another doublet with 
j — 1/2 [Dq (2400), D[ (2430)], where s q is the light quark spin. Parity and angular momentum 
conservation constrain the decays allowed for each state. The D 1 and D\ states decay through 
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ALEPH (excl) 

31.0+ 1.7 ± 1.3 " c 

CLEO 

39.9 ± 1.3 ± 1.7 
OPAL (excl) 
36.6 ± 1.6+ 1.5 
OPAL {partial reco) 
37.2+ 1.2 ± 2.4 
DELPHI (partial reco) 
35.4 ± 1.4 ± 2.3 
BELLE (excl) 
34.3 ± 0.2 + 1.0 
DELPHI (excl) 
36.1 + 1.8 + 1.9 
BABAR (excl) 
34.0+ 0.3 ±1.1 
BABAR (D*0) 
35.1 ± 0.8 ± 1.4 
BABAR (Global Fit) 
35.7+ 0.2+ 1.2 
Average 
36.0 ± 0.5 
X 2 /dof= 38.7/23 (CL= 2%) 



25 



30 



a) 



HFAG 



| End of 2009 \ 
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Figure 44: (a) Illustration of -F(l)|Vy vs. p 2 . The error ellipses correspond to A% 2 = 1 
(CL=39%). (b) Illustration of the average F(1)|V^,| and rescaled measurements of exclusive 
B° — > D* + £~V decays determined in a two-dimensional fit, where "excl" and "partial reco" refer 
to full and partial reconstruction. 



Table 52: Average of the branching fraction B — > D°tt + £ vt and individual results. 



Experiment 


-)• D n + £~v e )[%] (rescaled) 


B{B l) -> D°n + i-u e )[%] (published) 


Belle |347] 
BABAR (330] 


0.43 ± 0.07 stat ± 0.05 syst 
0.42 ± 0.08 stat ± 0.03 syst 


0.42±0.07 stat ±0.06 syst 
0.43 ± 0.08 stat ± 0.03 syst 


Average 


0.43 ± 0.06 


X 2 /dof = 0.005 (CL=95%) 



Table 53: Average of the branching fraction B — > D*°tt + £ and individual results. 



Experiment 


B(B U -> D*\+£-V e )[%} (rescaled) 


B(B [) -> D*°7r+£-z7 £ )[%] (published) 


Belle [347] 
BABAR [330J 


0.57 ± 0.21 stat ± 0.07 syst 
0.48 ± 0.08 stat ± 0.04 syst 


0.56 ± 0.21 stat ± 0.08 syst 
0.48 ± 0.08 stat ± 0.04 syst 


Average 


0.49 ± 0.08 


X 2 /dof = 0.15 (CL=69%) 



a D-wave to D*n and D^n, respectively, and have small decay widths, while the D$ and D[ 
states decay through an S-wave to Dti and D*tt and are very broad. For the narrow states, 
the average are determined by the combination of the results provided in Table |56] and |57] 
for B{B~ ->■ D°(D*+7r-)£~V e ) x B(D<i D* + n-) and B(B~ -)• D° 2 (D*+ir~)£~V e ) x B(D° 2 -)• 
D* + n~). For the broad states, the average are determined by the combination of the results 
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Table 54: Average of the branching fraction B — > D + n I and individual results. 



Experiment 


B[B- D+ic-e-V t )[%] (rescaled) 


B[B- D + ir-£-V £ )[%) (published) 


Belle [347J 
BABAR [330J 


0.42 ± 0.04 stat ± 0.05 syst 
0.42 ± 0.06 stat ± 0.03 syst 


0.40 ± 0.04 stat ± 0.06 syst 
0.42 ± 0.06 stat ± 0.03 syst 


Average 


0.42 ± 0.05 


X 2 /dof = 0.001 (CL=99%) 



Table 55: Average of the branching fraction B — > D* + tt £ U£ and individual results. 



Experiment 


B[B- D*+Tc-£-Vt)[%] (rescaled) 


B{B~ D*+ic-£rv t )[%] (published) 


Belle [347J 
BABAR [330J 


0.67 ± 0.08 stat ± 0.07 syst 
0.59 ± 0.05 stat ± 0.04 syst 


0.64 ± 0.08 stat ± 0.09 syst 
0.59 ± 0.05 stat ± 0.04 syst 


Average 


0.61 ± 0.05 


X 2 /dof = 0.5 (CL=52%) 



provided in Table [58] and [59] for B(B- Df(D*+Tr-)£-V e ) x B(Df D* + ir~) and B(B~ 
D^(D +r K~)PrV() x B(Dq° — > D + 7i~). The measurements included in the average are scaled to 
a consistent set of input parameters and their errors [326J. 

For both the B-factory and the LEP and Tevatron results, the B semileptonic signal 
yields are extracted from a fit to the invariant mass distribution of the D^ + n~ system. 
Apart for the CLEO and BELLE results, the other measurements are for the final state 
B — > D2(D* + 7i~)X£~V£. We assume that no particle is left in the X system. Figure H6] 
and H7] illustrate the measurements and the resulting average. 



Table 56: Average of the branching fraction B(B- D^(D* + n-)£-V e ) x B(D\ -± D* + n-)) 
and individual results. 



Experiment 


B{B~ -> D%(D*+ic-)e-v e ))[%] (rescaled) 


B[B- DtftD* + Tc-)t-V t ))[%] (published) 


ALEPH [349J 
OPAL [350] 
CLEO [351] 
DO [352] 
Belle [347J 


0.45±0.10 stat ±0.07 syst 
0.59±0.21 stat ±0.10 syst 
0.35 ± 0.08 stat ± 0.06 syst 
0.22 ± 0.02 stat ± 0.04 syst 
0.44 ± 0.07 stat ± 0.06 syst 


0.47 ± 0.098 stat ± 0.074 syst 
0.698 ±0.21 stat ±0.10 syst 
0.373 ± 0.085 stat ± 0.057 syst 
0.219 ± 0.018 stat ± 0.035 syst 
0.42 ± 0.07 stat ± 0.07 syst 


BABAR [353 




0.28 ± 0.03 stat ± 0.03 syst 


0.29 ± 0.03 stat ± 0.03 syst 


BABAR [354 




0.29 ± 0.02 stat ± 0.02 syst 


0.30 ± 0.02 stat ± 0.02 syst 


Average 


0.28 ± 0.02 


X 2 /dof = 13/6 (CL=4.5%) 
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BELLE 






a) 


0.43 ± 0.07 + 0.05 
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i 




BABAR 








0.42 + 0.08 ± 0.03 


• 






Average 








0.43 ± 0.06 
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0.42 ± 0.05 
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0.57 + 0.21 ± 0.07 
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0.48 ± 0.08 ± 0.04 
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0.49 ±0.08 












MHFAGM 
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BELLE 
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0.59 ±0.05 ±0.04 



d) 



HFAG 



| Endof2009\ 

X 2 /dof=0.5/il(CL^ 52%) 



0.4 



0.6 
. + 



0.8 



B(B " -> D 7l + 1 + v) [%] 



Figure 45: Average branching fraction of exclusive semileptonic B decays (a) B — > D°7t + £ vg, 
(b) B° D*°7i + £-p e , (c) B- -»■ D + n-£-V e , and (d) B" -»■ D* + n-£-V e . The corresponding 
individual results are also shown. 



5.2 Inclusive CKM-favored decays 

5.2.1 Inclusive Semileptonic Branching Fraction 

In our previous update [3], the branching fraction of inclusive semileptonic 5 decays B — > X£v£, 
where B refers to both charged and neutral B mesons, was averaged for a lepton momentum 
threshold of 0.6 GeV/c, as measured in the rest frame of the B meson. A value of (10.23 ± 
0.15)% was found with a x 2 /dof of the combination of 4.2/5. Since no new measurements have 
become available, we do not update this average and just refer to our previous update [3]. 
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Table 57: Average of the branching fraction B(B~ -»■ D%(D* + n-)£-V e ) x B(D% D* + n-)) 
and individual results. 



Experiment 


B(B~ ->• D0(D*+7r-)r^))[%] (rescaled) 


B(B~ ->• D°(D*+7r-)r^))[%] (published) 


CLEO [351J 
DO |352| 
Belle |347] 


0.055 ± 0.07 stat ± 0.01 syst 
0.09 ± 0.02 stat ± 0.02 syst 
0.19±0.06 stat ±0.03 syst 


0.059 ± 0.066 stat ± 0.011 syst 
0.088 ± 0.018 stat ± 0.020 syst 
0.18 ± 0.06 stat ± 0.03 syst 


BABAR [353J 


0.067 ± 0.009 stat ± 0.016 syst 


0.068 ± 0.009 stat ± 0.016 syst 


BABAR [354J 


0.089 ± 0.013 stat ± 0.007 syst 


0.087 ± 0.013 stat ± 0.007 syst 


Average 


0.082 ± 0.011 


X 2 /dof = 3.7/4 (CL=44%) 



Table 58: Average of the branching fraction B(B~ -> D'?(D* + ir-)i-V t ) x B(D[ ->■ D* + n-)) 
and individual results. 



Experiment 


B(B- ->■ D; o ( J D*+7r-)^-^))[%] (rescaled) 


B(B- ^ D' 1 (D* + n-)e-V e ))[%] (published) 


DELPHI |355| 
Belle [347] 


0.73 ± 0.17 stat ± 0.18 syst 
-0.03 ± 0.06 stat ± 0.01 syst 


0.83 ± 0.17 stat ± 0.18 syst 
-0.03 ± 0.06 stat ± 0.01 syst 


BABAR [353J 


0.26 ± 0.04 stat ± 0.04 syst 


0.27 ± 0.04 stat ± 0.05 syst 


Average 


0.13 ± 0.04 


X 2 /dof = 18/2 (CL=0.01%) 



Table 59: Average of the branching fraction B(B~ ->■ Df(D + n-)£-V e ) x B(D* ° -> D+7T - )) 
and individual results. 



Experiment 


B[B- -> D*°(D+7r-)r77^))[%] (rescaled) 


B{B~ -»• J D*°(D+7r-)r^))[%] (published) 


Belle [347J 


0.25 ± 0.04 stat ± 0.06 syst 


0.24 ± 0.04 stat ± 0.06 syst 


BABAR [353J 


0.26 ± 0.05 stat ± 0.04 syst 


0.26 ± 0.05 stat ± 0.04 syst 


Average 


0.25 ± 0.05 


X 2 /dof = 0.2 (CL=92%) 



This partial branching fraction corresponds to an inclusive semileptonic branching fraction of 
(10.74 ±0.16)%. 

For the same reason, we do not update our averages of the ratio B(B + — > X £ + b / e)/B(B — > 
X~£ + v e ), of B{B + -»■ X°£ + is e ), and of B(B° ->■ X^C + v t ). For these averages the reader is 
referred to our previous update [I]. 

5.2.2 Determination of |Vd,| 

The magnitude of the CKM matrix element \V c b\ can be determined from inclusive semileptonic 
B decays B — > X c ivt using calculations based on the Heavy Quark Effective Theory and the 
Operator Production Expansion [356j 1357] . However, these expressions depend also on non- 
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ALEPH 

U.4j iu.iu X u.u / 




OPAL 

U.jV IU.il XU.1U 




CLEO 




U.3J X U.uo x U.Uo 




DO 

0.22 ± 0.02 ± 0.04 




BELLE 

0.44 ± 0.07 + 0.06 




BABAR Tagged 

0.28 ± 0.03 + 0.03 **1 




BABAR Untagged 

0.29 ± 0.02 ±0.02 " 




Average 

0.28 ± 0.02 * 








\hfag* 
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Figure 46: Average of the product of branching fraction (a) B(B — > D\(D* + n )£ Vg) x 
&{D\ -> D*+7T-) and (b) B{B~ ->■ D°(D*+n-)£-V E ) x 23(L>° -> D*+tt-) The corresponding 
individual results are also shown. 
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Figure 47: Average of the product of branching fraction (a) BiB — > D'®(D* + tt )£ vg) x 
B(D[° D*+-k~) and (b) B(B~ -»■ D*°(D*+7i-)£~V e ) x i3(D^ -»■ D+vr-) The corresponding 
individual results are also shown. 



perturbative parameters such as the 6-quark mass mj which can be determined from inclusive 
observables in B decays. In practice, |T4&| and these parameters are determined simultaneously 
from a global fit to measured moments of the inclusive lepton and hadronic mass spectrum 
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in semileptonic decays, and of the inclusive photon spectrum in radiative B meson penguin 
decays. The moments are measured as a function of the minimum lepton or photon energy. 

Two independent sets of theoretical expressions, refered to as kinetic |356[ I358[ 1359] and 
IS schemes [357] are available for this kind of analysis. The HFAG fit presented here is done 
in the kinetic scheme and follows closely the approach of Ref. [360J. The fit is based on the 
experimental data given in Table [001 The only external input is the average lifetime tb of 
neutral and charged B mesons, taken to be (1.582 ± 0.007) ps (Sect. [3]). 

Table 60: Experimental inputs used in the global fit analysis, n is the order of the moment, c is 
the threshold value in GeV. In total, there are 29 measurements from BaBar, 25 measurements 
from Belle and 12 from other experiments. 



Experiment 


Hadron moments (Mj£) 


Lepton moments {E™) 


Photons moment 


BaBar 


n = 2, c = 0.9, 1.1, 1.3, 1.5 


n = 0, 


c = 0.6, 1.2,1.5 


n = 1, c = 1.9,2.0 




n = 4, c = 0.8, 1.0, 1.2,1.4 


n = 1, 


c = 0.6,0.8, 1.0, 1.2, 1.5 


n = 2. c = 1.9 [36111362] 




n = 6, c = 0.9,1.3 [363] 


n = 2, 
n = 3, 


c = 0.6, 1.0,1.5 

c = 0.8. 1.2 [363U364J 




Belle 


n = 2, c = 0.7,1.1,1.3,1.5 


n = 0, 


c = 0.6, 1.0,1.4 


n = l,c = 1.8,1.9 




n = 4, c = 0.7,0.9, 1.3 [365] 


n = 1, 
n = 2, 
n = 3, 


c = 0.6,0.8,1.0, 1.2, 1.4 

c = 0.6, 1.0,1.4 

c = 0.8, 1.0,1.2 [367] 


n = 2, c = 1.8,2.0 [366] 


CDF 


n = 2, c = 0.7 

n = 4, c = 0.7 [368] 








CLEO 


n = 2, c= 1.0,1.5 

n = 4, c= 1.0,1.5 [370] 






n = 1, c = 2.0 [369] 


DELPHI 


n = 2, c = 0.0 


n = 1, 


c = 0.0 






n = 4, c = 0.0 [371] 


n = 2, 
n = 3, 


c = 0.0 

c = 0.0 [371] 





5.2.3 Global Fit in the Kinetic Scheme 

This fit relies on the calculations of the spectral moments in B — > X c ivt decays in the kinetic 
mass scheme [358] . Compared to the original publication, the expressions have been updated by 
the authors. For the moments in B — y X s 7, the (biased) OPE prediction and the bias correction 
have been calculated [359J. All these expressions depend on the following set of parameters: 
the b- and c-quark masses m| m and m^ m , and fig at 0{\jm^) and p|> and p 3 LS at 0(l/?77|)o 
In our analysis, we determine these six parameters together with the semileptonic branching 
fraction (over the full lepton energy range) B(B — y XJivg). The total number of parameters in 
the fit is thus seven. The conversion from BiB —y X c £b>i) to \V c b\ is done using the expression 
in Ref. [356] . 

The results of the fit in the kinetic scheme to the X c lvi and X^ data (Table 160]) are given in 
Table IBTl For the semileptonic branching fraction we obtain BiB —y X c £ui) = (10.55 ± 0.14)%. 
The x 2 °f tli e fit is 29.7 for (66—7) degrees of freedom. The predictions of the B —y X s 7 moments 

30 All non-perturbative parameters in the kinetic scheme are defined at the scale // = 1 GeV. 
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are not entirely OPE-based and involve some amount of modeling. Therefore, we have also 
performed a fit to the X c tvi data only, Table [62j The comparison of the A% 2 = 1 ellipses of 
these two fits in the (m^ 1 ",// 2 ) and (m^ m , \V c b\) planes is shown in Fig. I4B1 

Table 61: Result of the kinetic scheme fit to all moments in Table IBTfl The a(fit) error contains 
the experimental and theoretical uncertainties in the moments. The <j{tb) and cx(th) errors on 
\V c b\ are due to the uncertainty in the average B meson lifetime and the limited accuracy of 
the expression for \V c b\ [356], respectively. In the lower part of the table, the correlation matrix 
of the parameters is given. 





IKbl (10- 3 ) 


mf n (GeV) mf n (GeV) 


Pi (GeV 2 ) 


p 3 ) (GeV 3 ) /i G (GeV 2 ) p\ s (GeV 3 ) 


value 


41.85 


4.591 


1.152 


0.454 


0.193 


0.262 


0.177 


(j(fit) 


0.42 


0.031 


0.046 


0.038 


0.020 


0.044 


r\ nor 

0.085 


<t(t b ) 


0.09 














<x(th) 


0.59 














\Vcb\ 


1.000 


-0.169 


-0.024 


0.118 


0.297 


-0.248 


0.109 


m kin 




1.000 


0.926 


-0.405 


-0.126 


-0.021 


0.266 


m kin 






1.000 


-0.464 


-0.051 


-0.307 


0.056 


A 








1.000 


0.392 


-0.010 


0.077 


pI 










1.000 


-0.236 


0.318 


Pg 












1.000 


0.203 


Pls 














1.000 


Table 62: Kinetic fit results 


for B — > X c tvi and B — > X s ^ 


, and for B — > X c £i>e only. 




Data 


X 2 /dof 


\v*\ (io- 3 ) 


mf n (GeV) 


Pi (GeV 2 ) 




All moments [X c lv^ 


and Xg^) 


29.7/(66 - 7) 


41.85 ±0.73 


4.591 ±0.031 


0.454 ±0.038 






X c lv^ only 




24.2/(55 - 7) 


41.68 ±0.74 


4.646 ± 0.047 


0.439 ± 0.042 



5.3 Exclusive CKM-suppressed decays 

In this section, we list results on exclusive charmless semileptonic branching fractions and de- 
terminations of \V u b\ based onB-> ntP decays. The measurements are based on two different 
event selections: tagged events, in which case the second B meson in the event is fully recon- 
structed in either a hadronic decay ("-B reco ") or in a CKM-favored semileptonic decay ("SL"); 
and untagged events, in which case the selection infers the momentum of the undetected neu- 
trino based on measurements of the total momentum sum of detected particles and knowledge 
of the initial state. We present averages for B — > piV and B — > u£v. Moreover, the average for 
the branching fraction B — > r]£v is presented for the first time. 

The results for the full and partial branching fraction for B — > TtiV are given in Table 1631 
and shown in Figure 1491 (a). 
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Figure 48: A% 2 = 1 contours for the fit in the kinetic mass scheme. 

When averaging these results, systematic uncertainties due to external inputs, e.g., form 
factor shapes and background estimates from the modeling of B — > X c iv and B — > X u lV de- 
cays, are treated as fully correlated (in the sense of Eq. [10]). Uncertainties due to experimental 
reconstruction effects are treated as fully correlated among measurements from a given exper- 
iment. Varying the assumed dependence of the quoted errors on the measured value for error 
sources where the dependence was not obvious had no significant impact. 



Table 63: Summary of exclusive determinations of B(B — > iriu). The errors quoted correspond 
to statistical and systematic uncertainties, respectively. Measured branching fractions for B — > 
7r°Zz/ have been multiplied by 2 x tbo/tb+ in accordance with isospin symmetry. The labels 
lL B reC o and "SL" tags refer to the type of B decay tag used in a measurement, and "untagged" 
refers to an untagged measurement. 







B[1(T 4 ] 


B(q 2 > 16GeV7c 2 )[KT 4 ] 


B{q 2 < 16GeV7c 2 )[10- 4 ] 


CLEO ^+,7T U [372] 
BABAR vr+ [373] 
BELLE SL 7T+ |374| 
BELLE SL 7T° |374| 
BABAR SL 7T+ |375| 
BABAR SL 7T° [375] 
BABAR B reco ir^ [376] 
BABAR B reco 7T° [375] 
BELLE B reco 7T+ [377] 
BELLE B reco vr° [377] 


1.38 ±0.15 ±0.11 
1.45 ±0.07 ±0.11 

1.38 ±0.19 ±0.15 
1.43 ±0.26 ±0.15 

1.39 ±0.21 ±0.08 
1.80 ±0.28 ±0.15 
1.07 ±0.27 ±0.19 
1.54 ±0.41 ±0.30 
1.12 ±0.18 ±0.05 
1.24 ±0.23 ±0.05 


0.41 ±0.08 ±0.04 
0.38 ± 0.04 ± 0.05 
0.36 ±0.10 ±0.04 
0.37 ±0.15 ±0.04 
0.46 ±0.13 ±0.03 
0.45 ±0.17 ±0.06 
0.65 ±0.20 ±0.13 
0.49 ±0.23 ±0.12 
0.26 ±0.08 ±0.01 
0.41 ±0.11 ±0.02 


0.97 ±0.13 ±0.09 
1.08 ±0.06 ±0.09 
1.02 ±0.16 ±0.11 
1.05 ±0.23 ±0.11 
0.92 ±0.16 ±0.05 
1.38 ±0.23 ±0.11 
0.42 ±0.18 ±0.06 
1.05 ±0.36 ±0.19 
0.85 ±0.16 ±0.04 
0.85 ±0.16 ±0.04 


Average 




1.36 ± 0.05 ± 0.05 


0.37 ± 0.02 ± 0.02 


0.94 ± 0.05 ± 0.04 



The determination of \V u b\ from the B — > ixtv decays is shown in Table [MJ and uses our 
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BABAR SL tag: B + - 
1.80 + 0.28 ±0.15 
BABAR B „„ tag: B + 
1.54 ±0.41 ±0.30 
BELLE SL tag: B + H 
1.43 ±0.26 ±0.15 
BELLE B reco tag: B + 
1.24 ±0.23 ±0.05 
BABAR SL tag: B ° - 
1.39 ±0.21 ±0.08 
BELLE SL tag: B ° -3 
1.38 ±0.19 ±0.15 
BABAR B rcto tag: B - 
1.07 ±0.27 ±0.19 
CLEO untagged: B 
1.38 ±0.15 ±0.11 
BABAR untagged: B ■ 
1.45 ±0.07 ±0.11 
BELLE B rec „ tag:B - 
1.12 ±0.18 ±0.115 
Average: B " -> 71" 1 + v 
1.36 ±0.05 ±0.05 

X 2 /dof=5.4/9(CL= 80%) 

I I I L_ 




CLEO untagged: B -> p" 1 + V 


— 4 — 


b ) 


Z.I J 111.41 X U.J/ 






CLEO untagged: B — » p" 1 + v 






9 + n ^7 + n ^7 l— 

z.7j ie u.j? / x i 






BABAR untagged: B ° -> p " 1* v 






9 if, 4.(111 4-fl^7 1 1 — • 1 — 

Z.lO IU.Z1 I U. J 1 






BELLE B re „ tag:: B° -> p" 1 + v 






T ^ C -4- l\ Afi A- f\ 1 1 1 

l.JO X U.4o I U.I J 






BELLE B rraJ tag:: B + -> p" l + v 






3.38 ±0.43 ±0.15 






BELLE SL tag: B " — > p" 1 + v 






2.24 ±0.54 ±0.31 " • 






BELLE SL tag: B + -> p° I* v 






2.54 ± 0.43 ± 0.33 






Average: B " -> p l + v 
2.77 ±0.18 ±0.16 






HFAG* 




i 



v ) [x 10 ] 



2 4 
B(B ^ p" 1 + v ) [x 10" ] 



Figure 49: (a) Summary of exclusive determinations of B{B — > niv) and their average. Mea- 
sured branching fractions for B — > 7i lu have been multiplied by 2 x t b o/t b + in accordance 
with isospin symmetry. The labels "B reco " and "SL" refer to type of B decay tag used in 
a measurement, "untagged" refers to an untagged measurement, (b) Summary of exclusive 
determinations of B(B — > piv) and their average. 



average for the branching fraction given in Table [631 Two theoretical approaches are used: 
Lattice QCD (quenched and unquenched) and QCD sum rules. Lattice calculations of the 
Form Factors (FF) are limited to small hadron momenta, i.e. large q 2 , while calculations based 
on light cone sum rules are restricted to small q 2 . 

The branching fractions for B — > piv decays is computed based on the measurements in 
Table [5731 and is shown in Figure [49] (b). The determination of |V^| from these other channels 
looks less promising than for B — > iriV and at the moment it is not extracted. 

We also report the branching fraction average for B — > utP and B — > rjtP. The measure- 
ments for B — > coiu are reported in Table and shown in Figure [50], while the ones for B — > rjiV 
are reported in Table and shown in Figure [50] 

Branching fractions for other B — > X U £V decays are given in Table [68] 

5.4 Inclusive CKM-suppressed decays 

The large background from B — > X c £ + ui decays is the chief experimental limitation in determi- 
nations of \V u b\. Cuts designed to reject this background limit the acceptance for B — > X M £ + z/£ 
decays. The calculation of partial rates for these restricted acceptances is more complicated 
and requires substantial theoretical machinery. In this update, we use several theoretical calcu- 
lations to extract |T4b|- We do not advocate the use of one method over another. The authors 
for the different calculations have provided codes to compute the partial rates in limited re- 
gions of phase space covered by the measurements. A recent result by Belle |387j . superceding 
the previous three measurements of [388J, selects a big portion of the phase space by using 
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Table 64: Determinations of \V u b\ based on the average total and partial B — > nlV decay 
branching fraction stated in Table E3J The first uncertainty is experimental, and the second is 
from theory. The full or partial branching fractions are used as indicated. Acronyms for the 
calculations refer to either the method (LCSR) or the collaboration working on it (HPQCD, 
FNAL, APE). 



Method 


|K b |[io- 3 ] 


LCSR, full q 2 [375] 


3.45 ±0.11+^ 


LCSR, q 2 < 16 GeV 2 /c 2 [378] 


3.34±0.12t°;p 


HPQCD, full q 2 [379] 
HPQCD, q 2 > 16GeV 2 /c 2 [379] 


3.05 ±0.10^ 
3.40 ± 0.20±g;|| 


FNAL, full q 2 [334] 

FNAL, q 2 > 16 GeV 2 /c 2 [334] 


3.73 ±0.12+^* 
3.62 ± 0.22+°;^ 


APE, full q 2 [38Q] 

APE, q 2 > 16 GeV 2 /c 2 [380] 


3.59 ±0.11+^ 
3.72 ± 0.21+^ 



Table 65: Summary of exclusive determinations of B(B — > piu). The errors quoted correspond 
to statistical and systematic uncertainties, respectively. 



B[10" 4 ] 


CLEO p+ 


[381J 


2.75 ±0.41 ±0.52 


CLEO p+ 


|372| 


2.93 ±0.37 ±0.37 


BABAR p 


r |382| 


2.16 ±0.21 ±0.57 


BELLE p+ 


|377| 


2.56 ±0.46 ±0.13 


BELLE p° 


|377| 


3.38 ±0.43 ±0.15 


BELLE /3 4 


|374| 


2.24 ±0.54 ±0.31 


BELLE p° 


374 


2.54 ±0.43 ±0.33 


Average 




2.77 ± 0.18 ± 0.16 



Table 66: Summary of exclusive determinations of BiB — > bjlv). The errors quoted correspond 
to statistical and systematic uncertainties, respectively. 



B[10" 4 ] 


BELLE oj 
BABAR u 


|377| 
[383J 


1.19 ±0.32 ±0.06 
1.14 ±0.16 ±0.08 


Average 




1.15 ± 0.16 



a multivariate technique to reject background, with a consequent reduction of the theoretical 
uncertainties. 

For the averages we performed, the systematic errors associated with the modeling of 
B — > X c l + vi and B — > X u l + V£ decays and the theoretical uncertainties are taken as fully 
correlated among all measurements. Reconstruction-related uncertainties are taken as fully 
correlated within a given experiment. We use all three results published by BABAR in [389J, 



126 



Table 67: Summary of exclusive determinations of B(B — > r)£v). The errors quoted correspond 
to statistical and systematic uncertainties, respectively 



B[l(r 4 ] 


CLEO r] |384~] 
BABAR t) [383| 
BABAR rj [375J 


0.45 ±0.23 ±0.11 
0.31 ±0.06 ±0.08 
0.64 ± 0.20 ± 0.04 


Average 


0.38 ± 0.09 









a) 


BELLE 








1.19 +0.32 ±0.06 








BABAR 








1.14 ±0.16 ±0.08 








Average 








LIS ±0.16 








Whfagm 






1 



-10 12 
B(B + -> C0l + V) [X 10 ] 

Figure 50: (a) Summary of exclusive detern 
Summary of exclusive determinations of B(B 



BABAR (untagged) 






b) 


0.31 ±0.06 ±0.08 


m-> 






BABAR (SL) 








0.64 ± 0.20 ± 0.04 








CLEO 








0.45 ±0.23 ±0.11 








Average 








0.38 ± 0.09 
















| Endof2009\ 








Z 2 /dof=2.4/2(CL= 30%) 
1 i 









B(B + -> r| 1 + v ) [x 10" ] 

itions of B{B — > coiv) and their average, (b) 
rjiv) and their average. 



Table 68: Summary of other branching fractions to B[B — >■ XiV) decays not included in the 
averages. The errors quoted correspond to statistical and systematic uncertainties, respectively. 
Where a third uncertainty is quoted, it corresponds to uncertainties from form factor shapes. 



Experiment 


Mode 




B[10- 4 } 


CLEO [385J 


B+ -> 


r/iU 


0.84 ±0.31 ±0.16 ±0.09 


BABAR [386| 


B+ -»■ 


rjtu 


0.84 ±0.27 ±0.21 


CLEO |384| 


B+ 


rfeu 


2.66 ±0.80 ±0.56 


BABAR |386| 




rf£u 


0.33 ±0.60 ±0.30 


BABAR l375j 


B+^ 


rf£p 


< 0.47 @90 CL 



since the statistical correlations are given. To make use of the theoretical calculations of 
Ref. [390], we restrict the kinematic range in Mx and q 2 , thereby reducing the size of the data 
sample significantly, but also the theoretical uncertainty, as stated by the authors [390] . The 
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dependence of the quoted error on the measured value for each source of error is taken into 
account in the calculation of the averages. Measurements of partial branching fractions for 
B — > X u £ + ve transitions from T(4S) decays, together with the corresponding accepted region, 
are given in Table [69] The signal yields for all the measurements shown in Table [69] are not 
rescaled to common input values of the B meson lifetime |326] and the semileptonic width [5]. 

It has been first suggested by Neubert |391] and later detailed by Leibovich, Low, and Roth- 
stein (LLR) |392] and Lange, Neubert and Paz (LNP) |393j . that the uncertainty of the leading 
shape functions can be eliminated by comparing inclusive rates for B — > X u l + vi decays with 
the inclusive photon spectrum in B — > X s 7, based on the assumption that the shape functions 
for transitions to light quarks, u or s, are the same to first order. However, shape function 
uncertainties are only eliminated at the leading order and they still enter via the signal models 
used for the determination of efficiency For completeness, we provide a comparison of the 
results using calculations with reduced dependence on the shape function, as just introduced, 
with our averages using different theoretical approaches. Results are presented by BABAR in 
Ref . [394] using the LLR prescription. More recently, V.B.Golubev, V.G.Luth and Yu.I.Skovpen 
(Ref. |395j ) extracted \V u b\ from the endpoint spectrum of B — > X u t+vi from BABAR [396J, using 
several theoretical approaches with reduced dependence on the shape function. In both cases, 
the photon energy spectrum in the rest frame of the B-meson by BABAR |397] has been used. 

Table 69: Summary of inclusive determinations of partial branching fractions for B — > X u l + vi 
decays. The errors quoted on AB correspond to statistical and systematic uncertainties. The 
statistical correlations between the analysis are given where applicable. The s™ ax variable is 
described in Refs. [39811399] . 



Measurement 


Accepted region 




AB[10~ 4 ] 


Notes 


CLEO [400J 


E e > 2.1 GeV 




3.3 ±0.2 ±0.7 




BABAR [399] 


E e > 2.0 GeV, sj? ax 


< 3.5 GeV 2 


4.4 ±0.4 ±0.4 




BABAR |396| 


£ e >2.0GeV 




5.7 ±0.4 ±0.5 




BELLE |401 


E e > 1.9 GeV 




8.5 ± 0.4 ± 1.5 




BABAR [389] 


M x < 1.7GeV/c 2 ,c 


, 2 > 8GeV 2 /c 2 


7.7 ±0.7 ±0.7 


65% correlation with BABAR M x 
analysis 


BELLE |4Tr2] 


M x < 1.7GeV/c 2 ,c 


, 2 > 8GeV 2 /c 2 


7.4 ± 0.9 ± 1.3 




BABAR [389j 


P+ < 0.66 GeV 




9.4 ±0.9 ±0.8 


38% correlation with BABAR 
(Mx — q 2 ) analysis 


BABAR [389j 


M x < L55GeV/c 2 




11.7 ±0.9 ±0.7 


67% correlation with BABAR P + 
analysis 


BELLE [387J 


p} > lGeV/c 




19.6 ±1.7 ±1.6 





5.4.1 BLNP 

Bosch, Lange, Neubert and Paz (BLNP) [4031 1404] I405|, |4"0~6] provide theoretical expressions for 
the triple differential decay rate for B — > X u l + vi events, incorporating all known contributions, 
whilst smoothly interpolating between the "shape-function region" of large hadronic energy and 
small invariant mass, and the "OPE region" in which all hadronic kinematical variables scale 
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with the 6-quark mass. BLNP assign uncertainties to the 6-quark mass which enters through 
the leading shape function, to sub-leading shape function forms, to possible weak annihilation 
contribution, and to matching scales. The extracted values of \V u b\ for each measurement along 
with their average are given in Table [70] and illustrated in Figure [5TJ The total uncertainty 
is tH% and is due to: statistics (±H%), detector B ->■ X c £+u e model (tgj%), B ->■ 

X u £ + Ui model (l^g%), heavy quark parameters SF functional form (ioj;%), sub-leading 

shape functions (lo;f%), BLNP theory: matching scales fx, //j, \Xh (l^^o), and weak annihilation 
The error on the HQE parameters (6-quark mass and fj, 2 ) and the uncertainty assigned 
for the matching scales are the dominant contribution to the total uncertainty. 



Table 70: Summary of input parameters used by the different theory calculations, corresponding 
inclusive determinations of \V u b\ and their average. The errors quoted on |T4&| correspond to 
experimental and theoretical uncertainties, respectively. 



BLNP 



DGE 



GGOU 



ADFR 



BLL 



Input parameters 



scheme 
Ref. 

m b (GeV) 
/4 (GeV 2 ) 



SF 

see Sect. 15.2.31 
4 6 20 +0 - 039 

<±.u^u _o.032 
fl 988 +0.054 



MS 
Ref. [5] 
4.222 ±0.051 



kinetic 
see Sect. 15.2.31 
4.591 ±0.031 
0.454 ±0.038 



MS 
Ref. [5] 
4.222 ±0.051 



15 
Ref. @] 
4.70 ±0.03 



Ref. 



u -^' -0.34 

n 46 +0 - 31 

U -^ D -0.19 
+0.32 
0.29 
+0.31 
0.30 
+0.39 
-0.37 
+0.24 
0.21 
0.29 
0.27 
+0.32 
0.29 

n 25+ - 27 
U - ZO -0.25 



+U.3U 
-0.26 
-0.24 
-0.23 
-0.26 
-0.25 
-0.28 
z,o -0.25 
9O+0.30 
z °-0.30 
97+0.15 
z '-0.15 
91 +0.23 
zl -0.20 
2q +0.24 
zy -0.23 
nr:+0.35 
ZJ -0.28 



\V u b\ values 
3.82 ± 0.451^39 
4.25 ± 0.45lg|| 
4.66 ± 0.43±g;3§ 



3.47 ±0.41+^ 
3.94 ± 0.4ll°; 23 
4.53 ± 0.42^;^ 
3.98 ± 0.27+^25 
3.87 ± 0.26±^;|| 
4.55 ± 0.30±g;|| 
4.01 ±0.19^11 
4.12 ±0.26^ 
3.53 ± 



E e [400] 
M x ,q 2 002] 
E e @0l] 
E e [396] 
^e,sr [299] 

Pt ES3 

M x [389] 
M x ,q 2 [389] 
P+ [389] 
M x ,q 2 [381] 



4.01 
4.40 
4.82 
4.36 
4.49 
4.46 
4.20 
4.49 
3.83 



0.45 

0.25 

0.30 

0.27_ 

0.20^ 

0.29^ 



3.71 ±0. 
4.31 ±0. 
4.67 ±0. 
4.16 ±0. 
4.16 ±0. 
4.54 ± 0. 
4.41 ± 0. 
4.37 ±0. 
3.86 ± 0. 



43 
45! 
43! 



4.67 ± 0.49±g;f| 



4.18 ±0.24 



-0.20 
-0.33 



4.48 ± 0.27 
4.12 ±0.20 
4.34 ± 0.28; 
3.57 ±0.23" 



-0.11 
-0.15 
+0.25 
-0.28 
-0.26 
-0.34 
-0.28 
-0.27 



4.88 ± 0.32 



+0.36 
-0.36 



4.97 ±0.39; 



4.32 ±0.16^23 



r 07IS _ 

-0.17 



4.34 ±0.16^;^ 



h0.37 
7 -Q.37 

4.16 ±0.14+^ 4.87 ± 0.24+ a ^ 



Average 



4.46 ±0.16 



-0.38 



5.4.2 DGE 

J.R. Andersen and E. Gardi (Dressed Gluon Exponentiation, DGE) [407] provide a frame- 
work where the on-shell 6-quark calculation, converted into hadronic variables, is directly used 
as an approximation to the meson decay spectrum without the use of a leading-power non- 
perturbative function (or, in other words, a shape function). The on-shell mass of the 6-quark 
within the B- meson (m^) is required as input. The extracted values of \V u b\ for each measure- 
ment along with their average are given in Table [70] and illustrated in Figure [52] The total 
error is whose breakdown is: statistics (1^3%), detector , B — > X c £ + vi model 

(t° i%), B ->• XJ+vi model strong coupling a s {t° i%), m b (±1;|%), weak annihilation 
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CLEL) (ty 






4.01 ±0.47 +0.34 ' 1 1 






BELLE sim. aim. (it^, q 2 ) 






4.40+0.46 + 0.31 -0.29 












4.82 +0.45 + 0.32-0.29 






D AD AD /T7 \ 

rSArJAK (Jjy 






4.36+0.25 + 0.31 -0.30 






RARAD (~n c ]nax\ 

rSAriAK [i% e , S fi J 






4.49 +0.30 + 0.39-0.37 






BELLE multivariate (p ) 






4.46+0.27 + 0.24-0.21 






BABAK (m x ) 






4.20+0.20 + 0.29-0.27 1 1 






BABAR (m x -q-) 






4.49 +0.29 + 0.32-0.29 






BABAR (P + ) 






3.83 +0.25 + 0.27-0.25 1 1 * 






Average +/- exp + theory - theory 






4.32+0.16 + 0.22-0.23 






Z 2 /dof = 12.3/ 8 (CL = 14.00 %) 
Bosch, Lange. Neubert and Paz (BLNP) 
Phys.Rev.D72:073006,2005 

l 1 I l I 1 






l 





2 4 6 



Figure 51: Measurements of \V u b\ from inclusive semileptonic decays and their average based on 
the BLNP prescription. "E7 e ", "M x ", "(M x ,g 2 )" and %E e , sj™*)" indicate the distributions 
and cuts used for the measurement of the partial decay rates. 



(-L3%)> DGE theory: matching scales (l~a7%). The largest contribution to the total error is 
due to the effect of the uncertainty on m;, 



5.4.3 GGOU 

Gambino, Giordano, Ossola and Uraltsev (GGOU) [408J compute the triple differential decay 
rates of B — > X u £ + z/^, including all perturbative and non-perturbative effects through O(a 2 f3 ) 
and 0(1 /ml). The Fermi motion is parameterized in terms of a single light-cone function 
for each structure function and for any value of q 2 , accounting for all sub leading effects. The 
calculations are performed in the kinetic scheme, a framework characterized by a Wilsonian 
treatment with a hard cutoff ~ 1 GeV. At present, GGOU have not included calculations for 
the u (E e , s™ ax )" analysis, but this addition is planned. The extracted values of \V u b\ for each 
measurement along with their average are given in Table [70] and illustrated in Figure [531 The 
total error is whose breakdown is: statistics (Ifjj^o)) detector (l~};g%), B — > X c £ + u e model 
(ti'%%), B — > X u l + i>i model (ij;g%), a s , m b and other non-perturbative parameters (Ifj^), 
higher order perturbative and non-perturbative corrections (i"i5%), modelling of the q 2 tail 
and choice of the scale q 2 * (tiffin), weak annihilations matrix element (1~3 9 %), functional form 
of the distribution functions (1^2%) ; The leading uncertainties on \V u b\ are both from theory, 
and are due to perturbative and non-perturbative parameters and the modelling of the q 2 tail 
and choice of the scale q 2 *. 
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CLEO (EJ 






3.71 ±0.43 + 0.30-0.26 " ■ 






BELLE sim. aim. (m x , q ) 






4.31 ±0.45 + 0.24 - 0.23 






BELLE (EJ 






4.67 ± 0.43 + 0.26 - 0.25 






BABAR (EJ 






4.16±0.28 + 0.28-0.25 ' 1 • 






BABAR (E c , sj") 






4.16 ±0.28 ±0.30 ' 1 • 






BELLE multivariate (p ) 






4.54 ±0.27 +0.15 






BABAR m x 






4.41 ±0.21 +0.23-0.20 






BABAR m x -q 2 






4.37 ± 0.29 + 0.24 - 0.23 






BABAR P* 






3.86 ±0.25 + 0.35 -0.28 ' ' • 1 






Average +/- exp + theory - theory 
4.46±0.16 + 0.18-0.17 






rVdof =6.6/8 (CL = 58.00 to) 






Andersen and Gardi (DGE) 

JHEP 0601:097,2006 

E. Gardi arXiv:0806.4524 

1 ! T ! 
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Figure 52: Measurements of \V u b\ from inclusive semileptonic decays and their average based 
on the DGE prescription. "E7 e ", U M X " , u (M x ,q 2 ) n and "(E e , sj™*)" indicate the analysis type. 



CLEO (EJ 






3.82 ±0.45 + 0.22 -0.39 ' 1 ■ 






BELLE sim. arm. (m x , q ) 






4.25 ±0.45 + 0.25 -0.33 






BELLE (EJ 






4.66 * 0.43 + 0.19 - 0.30 






BABAR (E c ) 






4.18 ±0.24 + 0.20-0.33 ' 1 






BELLE multivariate (p*) 






4.48 ±0.27 + 0.11 -0.15 






BABAR m x 






4.12±0.20 + 0.25-0.28 1 ' 






BABAR m x -q 2 






4.34 ±0.28 + 0.26 -0.34 






BABAR P* 






3.57 ±0.23 + 0.28 -0.27 ' ' • ' ' 






Average +/- exp + theory - theory 






4.34 ±0.16 + 0.15 -0.22 






X 2 /dof = 8.8/ 7 (CL = 27.00 96) 

P. Gambino, P. Giordano, G. Ossola. N. Uraltsev 

JHEP 0710:058,2007 (GGOU) 

1 1 1 1 
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Figure 53: Measurements of \V U b\ from inclusive semileptonic decays and their average based on 
the GGOU prescription. "E e ", "M x n , "(M x ,g 2 )" and "(E e , s^ ax f indicate the analysis type. 
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CLEO (E c ) 






3.49 ±0.20 ±0.24 ' ' ■ 1 






BELLE sim. ann. (itl^, q") 






3.97 ±0.42 ±0.23 






BELLE (E ) 






3.26+0.17 +0.22 " 1 * " " 






BABAR (E e ) 






3.46+0.14 + 0.24-0.23 1 ' • ' ' 






BABAR (E c , s;; iM ) 






3.90 +0.26 + 0.23 - 0.24 






BELLE multivariate (p*) 






4.3B ± U. M) + U.Zo - U.J.D 






BABAR m x 






4.04 +0.19 + 0.25 - 0.26 






BABAR m x -q 2 






4.15 ±0.27 ±0.24 






BABAR P + 






3.56 +0.23 ±0.23 1 ' • 






Average +/- exp + theory - theory 






4.05±0.14 + 0.24-0.21 












X"/dof = 21.7/ 8 (CL = 0.60 %) 

U.Aglietti, F.Di Lodovico, G.Ferrera , G.Ricciardi (ADFR) 
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[arXiv:071 1.08601. amd references therein i 
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Figure 54: Measurements of \V u b\ from inclusive semileptonic decays and their average based on 
the ADFR prescription. u E e " , "M x " , "(M x ,g 2 )" and "(E e , s^ ax )" indicate the analysis type. 



5.4.4 ADFR 

Aglietti, Di Lodovico, Ferrera and Ricciardi (ADFR) [409] use an approach to extract \V u b\, 
which makes use of the ratio of the B — > X c £ + ue and B — > X u £ + U£ widths. The normalized 
triple differential decay rate for B — > X u £ + i>i |410l 14111 14121 1413] is calculated with a model 
based on (i) soft-gluon resummation to next-to-next-leading order and (ii) an effective QCD 
coupling without Landau pole. This coupling is constructed by means of an extrapolation to low 
energy of the high-energy behaviour of the standard coupling. More technically, an analyticity 
principle is used. Following a recommendation by the ADFR authors, we lowered the cut on 
the electron energy for the endpoint analyses from 2.3 GeV to 2.1 GeV and recomputed the 
\V U \\ values accordingly. 

The extracted values of \V u b\ for each measurement along with their average are given in 
Table [70] and illustrated in Figure Ell The total error is lg '9% whose breakdown is: statistics 
( + }|%), detector B -> XJ+v t model (t\f/o), B ^XJ+u e model (±H%), a s (±H%), 

\V c b\ (^L7%), nib (-o'I%), m c semileptonic branching fraction (ti'x>%), theory model 

(-33%) ■ The leading uncertainties, both from theory, are due to the m c mass and the theory 
model. 



5.4.5 BLL 

Bauer, Ligeti, and Luke (BLL) [390] give a HQET-based prescription that advocates combined 
cuts on the dilepton invariant mass, q 2 , and hadronic mass, mx, to minimise the overall un- 
certainty on \V u b\- In their reckoning a cut on mx only, although most efficient at preserving 
phase space (~80%), makes the calculation of the partial rate untenable due to uncalculable 
corrections to the 6-quark distribution function or shape function. These corrections are sup- 
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BELLE breco (rr^., q ) 








4.97 ± 0.39 ± 0.37 








BELLE sim. ann. (m x , q 2 ) 








4.67 ± 0.49 ± 0.34 








BABAR (m x , q 2 ) 








4.88 ±0.32 ±0.36 


— < 1 


> - 




Average +/- exp +/- theory 






4.87 ± 0.24 ± 0.38 


' ? ' ' 




Z ! /dof = 0.4/2(CL= 83%) 

C.W. Bauer, Z. Ligeti and M.E. Luke (BLL) 

Phys. Rev. D64: 1 1 3004 (2001 ) 
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Figure 55: Measurements of \V u b\ from inclusive semileptonic decays and their average in the 
BLL prescription. "(Mjf,g 2 )" indicates the analysis type. 

pressed if events in the low q 2 region are removed. The cut combination used in measurements 
is M x < 1.7 GeV/c 2 and q 2 > 8 GeV 2 /c 2 . The extracted values of \V u b\ for each measurement 
along with their average are given in Table [70] and illustrated in Figure [55] The total error 
is whose breakdown is: statistics detector (If B -> X c £ + u e model 

B — > X u £ + ui model (__|;}%), spectral fraction (m&) (l^o^)) perturbative : strong coupling a s 
(-3x1%), residual shape function (i 4 ; 5 %), third order terms in the OPE (i 4 ;o%), The leading 
uncertainties, both from theory, are due to residual shape function effects and third order terms 
in the OPE expansion. The leading experimental uncertainty is due to statistics. 

5.4.6 Summary 

A summary of the averages presented in several different frameworks and results by V.B.Golubev, 
V.G.Luth and Yu.I.Skovpen |395j . based on prescriptions by LLR [392] and LNP |393] to reduce 
the leading shape function uncertainties are presented in Table [TT] It is difficult to quote a 
preferred value: the experimental and theoretical uncertainties play out differently among the 
schemes, and the theoretical assumptions underlying the theory calculations are different. 
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Table 71: Summary of inclusive determinations of \V u b\. The errors quoted on \ V u b\ correspond 
to experimental and theoretical uncertainties, except for the last two measurements where the 
errors are due to the BABAR endpoint analysis, the BABAR 6—7-57 analysis |394j . the theoretical 
errors and Vt s for the last averages. 



=37 



Framework 



I Kb I [10 



4.32 ±016^1 

1-0:18 



BLNP 
DGE 
GGOU 
ADFR 

BLL (mx/q 2 only) 
LLR (BABAR) [22] 
LLR (BABAR) [395] 
LNP (BABAR) [395] 



-0.17 



4.46 ±0.161 
4.34±0.16ig : y 



4.16 ±0.14 



+0.25 
-0.22 



4.87 ±0.24 ±0.38 
4.43 ±0.45 ±0.29 
4.28 ± 0.29 ± 0.29 ± 0.26 ± 0.2S 
4.40 ±0.30 ±0.41 ±0.23 
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6 B decays to charmed hadrons 



This section reports the updated contribution to the HFAG report from the U B — > charm" 
groupEl]. The mandate of the group is to compile measurements and perform averages of all 
available quantities related to B decays to charmed particles, excluding CP related quantities. 
To date the group has analyzed a total of 492 measurements reported in 148 papers, principally 
branching fractions. The group aims to organize and present the copious information on B 
decays to charmed particles obtained from a combined sample of about two billion B mesons 
from the BABAR, Belle and CDF Collaborations. 

This huge sample of B mesons allows to measure decays to states with open or hidden 
charm content with unprecedented precision. Branching fractions for rare 5-meson decays or 
decay chains of a few 10~ 7 are being measured with statistical uncertainties typically below 
30%, and new decay chains can be accessed with branching fractions down to 10~ 8 . Results 
for more common decay chains, with branching fractions around 10~ 4 , are becoming precision 
measurements, with uncertainties typically at the 3% level. Some decays have been observed 
for the first time, for example B° — > J/iprj or B° — > A^pK^7r + , with a branching fraction of 
(9.6 ± 1.8) x 1(T 6 and (4.3 ± 1.4) x 10" 5 , respectively. 

The large sample of B mesons allows to greatly improve our understanding of recently 
discovered new states with either hidden or open charm content, such as the X(3872), the 
F(3940),the Z(4430) _ , the D*J(2317) and 1)^(2460) mesons. Measurements with many dif- 
ferent final states for these particles are reported, allowing to shed more light on their nature. 
The D°D (2007) decay of the X(3872) has been observed for the first time, as well as the decay 
into ^(25)7. Using the branching fraction products B(B~ X(3872)K~) x £(X(3872) /), 
a hierarchy can be established between the decay modes /: these branching fraction products 
are found to be (1.67 ± 0.59) x 10~ 4 , (0.12 ± 0.02) x 10" 4 , and (0.022 ± 0.005) x 10" 4 , for 
D D (2007), J/%jjTc + ir~ and J/V7, respectively. This is an important piece of information to 
discriminate between various interpretations for the X(3872) state. 

The measurements are classified according to the decaying particle: Charged B, Neutral B 
or Miscellaneous; the decay products and the type of quantity: branching fraction, product 
of branching fractions, ratio of branching fractions or other quantities. For the decay product 
classification the below precedence order is used to ensure that each measurement appears in 
only one category. 

• new particles 

• strange D mesons 

• baryons 

• Jli> 

• charmonium other than J/i/j 

• multiple D, D* or D** mesons 

• a single D* or D** meson 

• a single D meson 

• other particles 

31 The HFAG/BtoCharm group was formed in the spring of 2005; it performs its work using an XML database 
backed web application. 
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Within each table the measurements are color coded according to the publication status 
and age. Table [72] provides a key to the color scheme and categories used. When viewing 
the tables with most pdf viewers every number, label and average provides hyperlinks to the 
corresponding reference and individual quantity web pages on the HFAG/BtoCharm group 



website http://hfag.phys.ntu.edu.tw The links provided in the captions of the table lead to 
the corresponding compilation pages. Both the individual and compilation webpages provide a 
graphical view of the results, in a variety of formats. 

Tables 1731 to II 141 provide either limits at 90% confidence level or measurements with statis- 
tical and systematic uncertainties and in some cases a third error corresponding to correlated 
systematics. For details on the meanings of the uncertainties and access to the references click 
on the numbers to visit the corresponding web pages. Where there are multiple determinations 
of the same quantity by one experiment the table footnotes act to distinguish the methods or 
datasets used; such cases are visually highlighted in the table by presenting the measurements 
on the lines beneath the quantity label. Where both limits and measured values of a quantity 
are available the limits are presented in the tables but are not used in the determination of the 
average. Where only limits are available the most stringent is presented in the Average column 
of the tables. Where available the PDG 2008 result is also presented. 
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Table 72: Key to the colors used to classify the results presented in tables [73] to 11141 When viewing these tables in a pdf 
viewer each number, label and average provides a hyperlink to the corresponding online version provided by the charm subgroup 
website http://hfag.phys.ntu.edu.tw/b2charm/, Where an experiment has multiple determinations of a single quantity they are 
distinguished by the table footnotes. 



Class Definition 

waiting Results without a preprint available 

pubhot Results published during or after 2009 

prehot Preprint released during or after 2009 

pub Results published after or during 2008 

pre Preprint released after or during 2008 

pubold Results published before 2008 

Preprint released before 2008 

Incomplete information to classify 
superceeded Results superceeded by more recent measurements from the same experiment 
inactive Results in the process of being entered into the database 

noquo Results without quotes 



Table 73: Branching fractions of charged B modes producing new particles in units of 10 3 , upper limits are at 90% CL. The 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00101.html 



CO 



Mode 


PDG 2008 Belle 


BABAR CDF 


Average 




1 < 0.32 1 


1 < 0.32 1 


1 < 0.32 1 


D-,(2460) J D" | 


I 3.10 ± 1.00 I 


14.3 ±1.6 ±1.3 1 


1 4.3 ±2.1 I 


D~j (2460) D* u (2007) 


1 12.0 ±3.0 1 


1 11.2 ±2.6 ±2.0 1 


1 11.2 ±3.3 1 



Table 74: Product branching fractions of charged B modes producing new particles in units of 10 4 , upper limits are at 90% CL. 
The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00101.html 



Mode 



PDG 2008 



Belle 



BABAR 



CDF 



Average 



K-X(3872)[~fJ/jj(lS) 
ir*-(892)X(3872)[J/^(15) 7 



K-X(3872)[J/ijj(lS)T]] 
K-X(3872)[^(2S) 7 ] \ 



K-X{3872)[7r + 7r- J/tl){lS 
K°Z-(U30)[J/ij(lS)7r 



K-Y(3940)[J/iP(lS)<y' 



K-Y (42Q0) \J/jj (lS)TT + TT- 



K X-(3872)[J/^(l^)7T-7r° 
if*-(892)X(3872)[V?(2£)7 
K-X{3872)\D + D-\ \ 
F U Z-(4430)[^(2^)7T- 



tf-y (3940) [J/tjj(lS)u(782) 



K-X(3872)[D°D 
X-A"(3872)[D°dV 



K~X(3872)[D (2007)£>° 
D°D-j(2AQ0)[D-TT + 7r ' 



D"D^ f (2m)[D;n' 



^5^2 460) [£>7 7 ] 
£>"£>*,, (2317) ~[£> s *~7] 
D*°(2007)D* y (2317) 
L> L>.: J (2317)-[L>77r 



D° J D s : 7 (2460)[ J D;-7] 
D*°(2007)Z>7 J (2460) 
D° J D7 J (2460)[ J D;-7T ] 
j D* (2007) j D; j (2460)[ j D:-7t 




0.033 ±0.0101 I 0.0180 ±0.0060 ±0.0010" 
I < 0.077 I 



0.11 ±0 .02 

I < 0.140 I 
I < 0.29 I 
I < 0.22 I 

I < 0.40 I 



1.70 ± 0.60 
1.00 ±0.40 



r^2n 

I 4.8 ± 1.2 | 

I 9.0 ±7.0 I 
I 7.5 ±2.0 | 

l< 9.8 I 
I 14.0 ±7.0 



0.13 ±0.02 ±0.01 



I < 0.40 I 



I < 0.60 I 
I < 0.60 I 

r^2?n 



5.6 ±\i±l.7 

r^6i 



8.1 ±|? ±2.4 
l< 9.8 I 



11.9 ±H ±3.6 



0.0280 ± 0.0080 ± 0.0010 

I 0.095 ±0.027 ±0.006 I 
I 0.084 ±0.015 ±0.007 I 

1^01301 

r^onoi 



0.20 ±0.07 ±0.02 
I < 0.221 
I < 0.281 

I < 0.431 



0.49 ±°;J° ±0.05 * 



0.49 ±0.10 ±0.05 I 2 



I 1.67 ±0.36 ±0.47 I 



6.00 ± 2.00 ± 1.00=bg;gg 



9.0±6.0±2.0±|° 



10.00 ± 3.00 ± 1.00±£gg 



14.0 ± 4.0 ±3.0±jj;g 



27.0 ± 7.0 ±5.0±§;g 



76 ± 17 ± 18±gj 



0.022 ± 0.005 



< 0. 048 

I < 0.077 I 



0.09 ± 0.03 



0.10 ± 0.01 



I < 0.130 I 
I < 0.140 | 

0.20 ± 0.07 I 
I < 0.22 I 



< 0.28 



I < 0.40 I 

I < 0.43 I 
0.49 ± 0.11 



I < 0.60 I 
I < 0.60 I 



1.67 ±0.59 



r^2Xi 
r^2?n 



5^±H 



9.0± 



m 

6.6 



8.9±Ii 



l< 9.8 I 



14-0±B 
15.0±|-| 



Observation of y(3940) -> J/iiu in B -+ J/ifiuK at BaBar 

Observation of y(3940) -> J / 'ipai in B -> J/ijjuK at BABAR (3S3M B~B pairs) ; by3940kjpsiomega 



Table 75: Branching fractions of charged B modes producing strange D mesons in units of 10 4 , upper limits are at 90% CL. The 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00102.html 



Mode 




PDG 2008 


^70(1020) 


R~0.0i9 


D+K~K- 






D*-<p{1020) 
D* + K-K~ 


l 1 < 0.120 1 






1 0.16 ±0.06 I 


D*-K+n+ 


l< 9.9 1 


D*+K-n- 


l< 9.9 1 


D+K-n- 




1 < 7.0 I 


D-K+TI+ 




1 < 7.0 1 


D-D° 




1 103 ± 17 I 


D*-D° 




1 78 ± 16 I 


D7D* U (2007) | |84 ±171 
£*- .0*0(2007) | 1 175 ± 23 1 



Belle 



BABAR 



CDF Average 



1-47 ±°ff ±^±0-13 



I 1.77 ±0.12 ±0.16 ±0.231 



i-94 ±8:S ±8:18 ±0.17 



85.2±j;g 



R 0.019 I 
0.110 ± 0.040 ± 0.020 ± 0M3 
R 0.120 I 
R 0.150 I 



0.15 ±° ) ;°j ±0.01 ±0.02 



I 1.67 ±0.16 ±0.35 ±0.051 
I 2.02 ± 0.13 ± 0.38 ± 0.061 

I 133 ± 18 ± 32 | 
f93±"18± 19 I 
rT2T± 23 ± 20 I 
rT70± 26 ± 24 I 



I < 0.019 I 
0.11 ± 0.04~| 

I < 0.120 I 
I < 0.150 I 



0.15 ± 0.05 



1.47 ± 0.27 



1.67 ± 0.39 
1. 86 ± 0.24~| 
94 ± 0.281 



85.7±1;1 



93 ±26 



121 ±30 I 
170 ± 35 I 



Table 76: Product branching fractions of charged B modes producing strange D mesons in units of 10 4 , upper limits are at 90% 
CL. The latest version is available at: http: / /hfag.phys.ntu.edu.tw/b2charm/00102. html| 

Mode PDG 2008 Belle BABAR CDF Average 



J D° J D; 1 (2536)[ J D (2007)^"] 

D°D~i (2536) [£>*- (2010)^ " 
£>*°(2007)£>7[(/>(1020)7r 
D*-D°[D- -» 0(1O2O)7T 
D° D~\(h( 1020)% 



r-*0, 



D (2007)^(2536) [D (2007)K 
D*-D*°(2007)\Dj -» 0(1O2O)7T 



D* (2007)D7 1 (2536)[L>*-(2010)i ; s: 



I 2.20 ±0.701 
I 2.3± 1.1 I 



I 5.5 ± 1.6 I 
I 3.9 ±2.6 I 



2.16 ±0.52 ±0.45 



2.30 ±0.98 ±0.43 



2.95 ± 0.65 ± 0.36 



3.13 ± 1.19 ±0.58 



4.00 ±0.61 ±0.61 



I 5.5 ± 1.2 ±T01 
I 8.6 ± 1.5 ±TT| 
I < 10.7 I 



2.16 ± 0.69 



2.3 ± 1.1 



2.95 ± 0.74 
I 3.1 ±1.3 I 
4.00 ± 0.86 



5.5 ± 1.6 



I 8.6 ±1.9 I 
I < 10.7 I 



Table 77: Branching fractions of charged B modes producing baryons in units of 10 5 , upper limits are at 90% CL. The latest 



version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00103.html 
Mode 



PDG 2008 



Belle 



BABAR 



CDF Average 



J/ij(lS)E°p 



J/1){lS)Ap 



D pp 



D*-(2010)pp 



Z?p 



Z»p 



A+pn- 



A+A-K- 



K1.10I 
1.18 ±0.31 



r^2n 

I 3.7 ± 1.3 I 
I 21.0 ±6.0 I 
I 70 ± 40 I 



I < 1-10 I 



1.16±0.28±g^g 



I < 1.50 I 
I < 1.50 I 

1^9X1 



18.7 ±to ±2.8 ±4.9 



65.0±^° ±11.0 ±34.0 



1 1 « +0.74 i 0.42 



33.8 ± 1.2 ± 1.2 ±8.8 
I 114 ± 15 ± 17 ±60 I 



r<~i.io 



1.16 ± 0.31 



I < 1.50 I 
I < 1.50 I 

r^9Xi 

I 24.4 ± 5.5" 
I 77 ± 32 



Table 78: Product branching fractions of charged B modes producing baryons in units of 10 5 , upper limits are at 90% CL. The 
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00103.html 



Mode 



PDG 2008 



Belle 



BABAR 



CDF Average 



co 



K- Vc (lS)[AA] | 


n nQc; -1.0.025 10.008 
u.uao =1=0.022 ^o.on 




0.10 ± 0.03 | 


K- Vc (lS)\pp] | 


0.14±0.01±^ 


0.18 ±° f 2 ±0.02 


0.15 ± 0.02 


K-J/i/>{lS)[AA] 


0.20 ± u f 3 ±0.03 




0.20 ± 0.05 


K-J/^lS)[pp) 


0.22 ±0.01 ±0.01 I | 0.22 ±0.02 ±0.01 I 


0.22 ± 0.01 


A-S^[S-7i + ] | |5.6 ±2.6 1 4.80 ±J-$ ±1.10 ±1.20 I 2.08 ± 0.65 ± 0.29 ± 0.54 | 


2.57 ±0.81 



Table 79: Ratios of branching fractions of charged B modes producing baryons in units of 10 1 , upper limits are at 90% CL. The 

CDF Average 



latest version is available at: |http:/ /hfag.phys.ntu.edu.tw/b2charm/00103.html| 

Mode PDG 2008 Belle BABAR 



g(B~^I7g(2800)p) 
B(B-^A+vtt -) 

B(B-^A+w-) 



B(B--»AZpK-) 
B(B°^A+p) 



r 



I 1.17 ±0.23 ±0.24 I 
I 1.23 ±0.12 ±0.08 I 
I 154.0 ± 18.0 ±3.0 I 



1.17 ±0.33 



1.23 ± 0.14 



154 ± 18 



Table 80: Branching fractions of charged B modes producing J/ijj(lS) in units of 10 4 , upper limits are at 90% CL. The latest 
version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00104.html 



Mode 



PDG 2008 



Belle 



BABAR 



CDF 



Average 



J/^{IS)D°tF\ 

J/ip(lS)(f>(W20)K- 

J/ilj{lS)n- 



P -(770)J/^(1S) 
J/ip{lS)r}K- 
J/-ip{lS)D- 



J/iIj(1S)u(782)K- 



J/i>(lS)K- 



J/H1S)K-TT + TT- 

J/il>(lS)K*-(892) 
7/^(15) ATf(1270) 



[Z0.073 
I < 0.25 I 
0.52 ±0.17 
0.49 ±0.06 
0.50 ±0.08 
1.08 ±0.33 
I < 1.20 I 



10.07 ±0.35 



I < 0.251 
0.38 ±0.06 ±0.03 



r^0T073~l 
1^0321 
0.44 ± 0.14 ± 0.05 ±0.011 
I 0.54 ±0.04 ±0.02 | 
I 0.50 ±0.07 ±0.03 I 
1.08 ± 0.23 ± 0.24 ± 0.031 
r^T20l 

I 3.50 ± 0.20 ± 0.40 p 
I 3.50 ±0.20 ±0.40 h 



10.10 ±0.20 ±0.70 ±0.20 | | 10.61 ± 0.15 ± 0.44 ± 0.18 h 



n0.10±0.90±~030> 
f8.10± 1.30 ±"0T70~h 

I 10.7 ± 1.9 I I 11.60 ±0.70 ±0.90 I 

14.10 ±0.80~| I 12.80 ±0.70 ±1.40 ±0.20] | 14.54 ± 0.47 ± 0.94 ± 0.251 



I 6.9 ± 1.8±~L21 
I 15.8 ± 4.7 ±~2T" 



I 18.0 ±5.2 | | 18.0 ±3.4 ±3.0 ±2.5 I 



I < 0.073 I 

I < 0.25 I 
0.44 ±0.15 
0.48 ± 0.04 



0.50 ± 0.08 

I 1.08 ± 0.331 

I < 1.20 I 
3.50 ± 0.45 I 



10.26 ±0.37 



I 10.6 ± 1.0 I 
14.03 ± 0.88 



I 18.0 ±5.2 | 



Observation of Y(3940) -> J/iiu in B -+ J/ipujK at BaBar 

Observation of Y(3940) -> J / 'ipu in B -> J/ipuiK at BABAR (383M B~B pairs) ; bjpsiomogak 

MEASUREMENT OF BRANCHING FRACTIONS AND CHARGE ASYMMETRIES FOR EXCLUSIVE B DECAYS TO CHARMONIUM (124M B~B pairs) ; B~ -> J/ipK~ with J/iji to lcptons 
MEASUREMENT OF THE S+ -+ ppK + BRANCHING FRACTION AND STUDY OF THE DECAY DYNAMICS (232M B~B pairs) ; B~ -> J/4>K~ with J/ip -> pp 
Measurements of the absolute branching fractions of B^° — > K.^-X. c -^ (231. 8M BB pairs) ; B~ — > J/ipK~ (inclusive) 



Table 81: Product branching fractions of charged B modes producing J /ip{lS) in units of 10 4 , upper limits are at 90% CL. The 
latest version is available at: |http : / /h f ag. phys .ntu.edu.tw/b2 charm /0 1 04 . html | 

Mode PDG 2008 Belle BABAR CDF Average 



K-h c (lP)[J/^{lS)7i + 7r-} GT0.034 



< 0.034 I 



< 0.034 



Table 82: Ratios of branching fractions of charged B modes producing J/ip(lS) in units of 10°, upper limits are at 90% CL. The 
latest version is available at: |http:/ /hfag.phys.ntu.edu.tw/b2charm/00104.html| 



Mode 



PDG 2008 



Belle 



BABAR 



CDF 



Average 



B(B--¥J/i/j(1S)tt-) 
B(B-^J/^(1S)K-) 



B(B~ -+J/i>(lS)Ki (1400)) 


B(B-^J/iP(lS)Kr(1270)) 


B{B--+Xco{l+ J )K-) 




B(B-^JIMIS)K-) 


B(B -+rj c (lS)K-) 


B(B-^J/^(1S)K-) 



B(B- -+J/i/j(1S)K*- (892)) 

B(B-^JI MIS)K-) 
B(B-^J/i/j(1S)K-{1270)) 
B(B--+J/i/j(1S)K-) 



0.054 ±0.004 ±0.001 



I < 0.30 I 



0.60 ±° f 8 ±0.05 ±0.08 



1.80 ±0.34 ±0.34 



1.28 ±0.10 ±0.38 h 
1.06 ±0.23 ±0.04 h 

I 1.37 ±0.05 ±0.08 I 



0.0500 ±8;g$8 ±0.0010 



0.049 ± 0.008 ± 0.002 h 



1.92 ±0.60 ±0.17 



0.052 ± 0.004 



I < 0.30 I 



0.60±8;1 



I 1.12 ± 0.20 



1.38 ± .09 
1.80 ±0.48 



Measurement of the Branching Fraction B(B~ >! ~ — > J/ljj7r'} and Search for B c ^~ — )■ J/tp7Y~ >r 
Measurement of the Branching Fraction B(B~ >r — > J/tpTY~' r ) and Search for B cJr J/ijjn^~ 

Measurement of the Ratio of Branching Fractions B(B - ,7/psi Pi)/B(B - J/psi K) ; Br(B-J/psiPi)/Br(B-J/psi K) 

Branching Fraction Measurements of B — > r) c K Decays (86. 1M BB pairs) ; Ratio B~ — > r] c K~ to B~ J/ipK~ with r\ c — >■ KKtv 

Measurements of the absolute branching fractions of B^~ — ^ K-^X^ (231. 8M BB pairs) ; Ratio B~ t] c K~ to B~ — >■ J/ipK~ (inclusive analysis) 



Table 83: Branching fractions of charged B modes producing charmonium other than J/ip{lS) in units of 10 4 , upper limits are 
at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00105.html] 



BABAR 



Average 



hrtlPlK- 1 




< 0.38 


1 < 0.038 1 




| < 0.O38 






1 < 0.29 I 




1 < 0.180 1 


| < 0.180 | 


■Xrl(lP)*-- 




| 0.22 ±0.05 | 


| 0.22 ± 0.04 ± 0.03 | 




0.22 ± 0.05 


*„„flPl7r- 








1 < 0.61 1 


1 < 0.61 1 


y^(lP)K- 


(81)2) 


I < 0.120 | 




1 < 1.20 1 


1 < 1-20 | 






| 1.40 ± 0.20 | 






1.88 zb 0.30 



r „ n UPMC*+ 


(892) 


X r l(lP)K— 


(892) 


n,(2S)K~ 1 




j/i(3770)if _ 









I iP(2S)K- | 



il>(2S)K*- ( 892) | 



eziei 

| 3.60 ± 0.90"| 
| 3.4 ±1.8 1 
| 4.9 ± 1.3 1 

| 4.90 ± 0."50~| 



| 6.48 ± 0.3S~| 
6.7 ± 1.4 



r, c (lS)K- 



9.1 ± 1.3 



| 4.10 ± 0.60 ± 0.90 1 
| 4.80 ± 1.10 ± 0.70 1 
| 4.50 ± 0.20 ± 0.70 1 

| 6.90 ± 0.60 | 

| 8.13 ± 0.77 ± I) so"| 



1.84 ± .32 ± 0.14 ± 0.28 I 1 
1.34 ± O .ir, ± 0.15 ± 0.14 | 4 
I < 1.80 l m 

r^2~n 

2. GO ± 0.50 ± 0.40 
3.40 ± 1.80 ± 0.30 
3.50 ± 2.50 ± 0.30 



I n r .(lS)K*- (S92 
| Xco(lP)g^892) 



392) I 
(892) 



| l2.6±7.0 1 



I 6.17 ± 0.32 ± 0.38 ± 0.23 | 6 
| 4.90 ± 1.60 ± 0.40 \ Al 
| 5.92 ± 0.85 ± 0.86 ± 0.22 | 

| 12.50 ± 1.40 ±1-00 ±3.80 | I 12.90 ± 0.90 ± 1.30 ± 3.60 I 7 
| 13.8 ±f j ±1.5 ± 4.2 | B 
I 8.7 ±1.5 \ ld 

12.1 ±3^ ±tJ±^8 
I < 29 I 



| 15.5 ± 5.4 ± 2.0 | 
| 5.50 ± 1.00 ± 0.60 | 



2.99 ± 0.55 

| 3.4 ± 1.8 | 
| 4.5 ± 1.2 | 
| 4.64 ± 0.28 

| 6.32±0.37~| 



| 7.07 ± 0H5~\ 
| 9.8 ± lX| 



I i 

I < 29 I 



ii(2S)K~ (inclusive) ; 



X C \K (inclusive) 



Measurements of the absolute branching fractions of B — + K X c — (231. 8M BB pairs) ; a B — f XcqK (inclusive) ; B 
B~ — y r) c K~ (inclusive) 

MEASUREMENT OF THE BRANCHING FRACTION FOR B ± -> XcO-K*. (88. 9M BB pairs) ; B~ -> Xc0-K~ with X c0 -> -ff+X - , t+w - 
Dalitz-plot analysis of the decays B^° — > 7r"F 7r^ (226M BB pairs) ; B~ — > XcoK~ with XcO — * (Dalitz analysis) 

Search for J¥(3872) -> i/>(2S)7 in B ± -> X(3872)i? ± decays, and a study of B -t cc~/K 
Search for Jf (3872) -> 4i(2S)l in B ± -> X(3872)K ± decays, and a study of B -> cc~/K 

MEASUREMENT OF BRANCHING FRACTIONS AND CHARGE ASYMMETRIES FOR EXCLUSIVE B DECAYS TO CHARMONIUM (124M BB pairs) ; B~ -4 ii(2S)K~ with 4>(2S) to leptons 
Branching Fraction Measurements of B — ¥ 7] C K Decays (86. 1M BB pairs) ; B — > rj c K~ with rj c — > KKir 

MEASUREMENT OF THE B+ -> ppK + BRANCHING FRACTION AND STUDY OF THE DECAY DYNAMICS (232M B~B pairs) ; B~ -> ?7 c i?~ with rj c -> pp 



Table 84: Product branching fractions of charged B modes producing charmonium other than J /if) (IS) in units of 10 4 , upper 
limits are at 90% CL. The latest version is available at: |http:/ /hfag.phys.ntu.edu.tw/b2charm/00105.html 



Mode PDG 2008 Belle BABAR CDF Average 



K-h c {lP)[ Vc (lS)i 
K-iP(3770)\D + D~" 


1 < 0.48 1 I < 0.48 I 


10.94 ±0.35 1 I 0.84 ±0.32 ±0.21 I 


0.84 ± 0.38 


K-^(3770)[D ^] 


11.60 ±0.40 1 | 1.41 ±0.30 ±0.22 | 


1.41 ± 0.37 



Table 85: Ratios of branching fractions of charged B modes producing charmonium other than J/^(1S) in units of 10 1 , upper 
limits are at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00105.html] 

Mode PDG 2008 Belle BABAR CDF Average 



B(B-->x c i(lP)7T-) 


1 0.43 ±0.08 ±0.03 1 




| 0.43 ± 0.09 | 


B(B-^Yri(lP)K~) 




B(B~ -fh c {lB)K~ ;x£(/i c (lP)->r) c (lS)7) 










1 < 0.58 1 


1 < 0.58 I 


B(B-^vAlS)K-) 




li(B-^ X ci(iy)K- (892)) 




1 5.1 ±1.7 ±1.6 1 


1 5.1 ±2.3 1 


B(B-^Yr.i(lP)K-) 
B(B- ^ip(2S)K'~ (892)) 












1 9.60 ±1.50 ±0.90 I 


1 9.6 ± 1.7 1 


B(B~->iP(2S)K-) 





Table 86: Branching fractions of charged B modes producing multiple D, D* or D** mesons in units of 10 
90% CL. The latest version is available at: |http: / /hfag.phys.ntu.edu.tw/b2charm/ 00106. html| 



upper limits are 



Mode 


PDG 2008 




Belle 


BABAR 


CDF Average 


d°d\°k- 


0.11±0.03±g;g§ 


fOTll ± 0.041 


D°D*-(2010) 


0.39 ±0.05 I 


1 


0.46 ±0.07 ±0.06 


1 0.36 ±0.05 ±0.04 I 


1 0.39 ± 0.05 1 


D~D° 1 


1 0.42 ± 0.06 1 








| 0.41 ± 0.04 






1 0.38 ±0.03 ±0.04 


I 1 1 0.38 ±0.06 ±0.04 ±0.03 1 








1 0.56 ±0.08 ±0.06 






D+D-R- 1 


1 < 0.40 1 




1 < 0.90 1 


1 < 0.40 1 


1 < 0.40 1 



£>+£>*- (2010)if- 
£>* (2007)£>*-(2010) | 



D»D K 



I < 0.70 I 
I 0.81 ±0.17 I 



I < 0.70 I 



I 0.81 ±0.12 ±0.11 ±0.061 



D* + (2010)D~K- 
D*- (2010) D*+ (2010) K- 
D°D-K U I 



I 2.10 ±0.26 1 I 1.17 ±0.21 ±0.15 I I 1.90 ± 0.30 ± 0.30 I 
I 1.50 ±0.40 I 



1.50 ±0.30 ±0.20 



D 



*0i 



(2007)WK- 
£>°D* U (2007)~ 
D°D*_(2010)K 
D (2007)D*°(2007)iT- 
D* (2007)D-lt ) | 
D*°(2007)D*-(2010)K J 



I < 1.80 I 

r^2Xi 

I 4.70 ± 1.00" 
I 5.2 ± 1.2 1 
I 5.3 ± 1.6 I 

I 7.8 ±2.6 I 



r^T80l 

r^2Xi 
r^3Xi 

I 4.70 ±0.70 ±0.70 



5.20 ±J;§§ ±0.70 



5.30 ±\$ ±1.20 



7.8±|j±1.4 



I < 0.70 I 
I 0.81 ± 0.171 
I 1.37 ±0.221 
I 1.50 ±0.36 I 



I < 1.80 I 

r^3Xi 

I 4.70 ±0.99" 



5-2±|;? 



I 5.3 ± 1.6 I 



r-8±li 



Measurement of B + - D+ DObar branching fraction and charge asymmetry and search for B0 - DO DObar (656. 7M BB pairs) 
Observation of B° ->• D + D~ , B~ -> D° D~ and B~ -4 D°D*~ decays (152M BB pairs) 



Table 87: Product branching fractions of charged B modes producing multiple D, D* or D** mesons in units of 10 4 , upper limits 
are at 90% CL. The latest version is available at: |http: / /hfag.phys.ntu.edu.tw/b2charm/00106.html| 



Mode 




PDG 2008 


Belle 


BABAR CDF 


Average 


7r-£>0(2420) [ J D*°(2007)7r-7r + 




1 < 0.060 1 


1 < 0.060 1 




1 < OTOWl 




7T-L>*°(2460) [£>*°(2007)7r- 


7T+] 


1 < 0.22 1 


1 < 0.22 1 




1 < 0.22 1 


7r- J D$°(2460)[ J D* + (2010)7r- 




1 1.80 ±0.50 1 1 


1.80 ±0.30 ±0.30 ±0.20 


1 1 1.80 ±0.30 ±0.50 1 1 


1.80 ±0.36 1 


7r-Di'(2420)[D u 7r-7r + ] 




1 1.90 ±0.60 1 


1.85 ± 0.29 ± 0.35±He 




1 «e;+0-45 

i.oj=c 0i65 




7r- J D* u (2460)[ J D+7r-] 




1 3.40 ± 0.80 1 1 


3.40 ± 0.30 ± 0.60 ± 0.40 


3.50 ±0.20 ±0.20 ±0.40 3.47 ± 0.42 


ir-D°(H){D*+(2010)ir-} 




[ 


5.00 ±0.40 ±1.00 ±0.40 


] 


1 5.0 ± 1.1 1 


7r- J D°(2420)[ J D*+(2010)7r- 




16.8 ±1.51 I 


6.80 ±0.70 ±1.30 ±0.30 


1 I 5.90 ±0.30 ± 1.10 I I 


6.23 ±0.91 | 


ir-D* u [D+ir-) 




16.1 ±1.91 I 


6.10 ±0.60 ±0.90 ±1.60 


1 1 6.80 ±0.30 ±0.40 ±2.00 1 


6.4 ± 1.4 





Table 88: Ratios of branching fractions of charged B modes producing multiple D, D* or D** mesons in units of 10°, upper limits 



are at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00106.html 



Mode 



B(B-^D U K-) 
B(B-^D°n-) 



PDG 2008 



Belle 



BABAR 



CDF 



Average 



)*•-) 



B(B-^D*°(2007)n-) 
B(B~^Uf (2460)tt- 



B(B-^D°(2420)tt-) 
B(B- ^^"(2007)71--) 
B(B-^p°7T-) 



B(B- 
B(B- 



B(B ^D+n~) 



0.084 ±0.00JD I 0.077 ±0.005 ±0.006 I I 0.083 ± 0.003 ± 0.002 I 0.079 ± 0.003 



0.078 ±0.019 ±0.009 



0.081 ± 0.004±»;^ 



I 0.80 ±0.07 ±0.16 I 
I 1.14 ±0.07 ±0.04 I 
I 1.22 ±0.13 ±0.23 I 



0.081 ±0.005 
0.80 ±0.17 I 



1.14 ± 0.08 



1.22 ± 0.26 



I 1.97 ±0.10 ±0.21 I I 1.97 ±0.23 1 



Table 89: Branching fractions of charged B modes producing a single D* or D** meson in units of 10 4 , upper limits are at 90% 
CL. The latest version is available at: http: / /hfag.phys.ntu.edu.tw/b2charm/00107.html| 



Mode 




PDG 2008 


Belle 


BABAR CDF 




D*-(2010)iF] 




1 < 1.70 1 


1 < 0.030 1 




< 0.030 


£>*- (2010)7^ | 




1 < 0.090 1 




1 < 0.090 1 


1 < 0.090 1 


J D*+(2010)7T° 






1 < 0.36 1 




< 0.36 


D*°(2QQ7)K- 




1 4.16 ±0.33 1 


1 3.59 ±0.87 ±0.41 ±0.31 1 




1 3.6 ± 1.0 1 


D*° '(2007) K*- (892) 


1 8.1 ±1.4 I 




1 8.30 ± 1.10 ±0.96 ±0.27 1 


1 8.3 ± 1.5 1 


D*° (2007) K~K U 




1 < 10.6 1 


1 < 10.6 1 




1 < 10.6 1 


D*+(2010)tt-tt- 




1 13.5 ±2.2 | 


1 12.50 ±0.80 ±2.20 I 


I 12.20 ± 0.50 ± 1.80 I 


1 12.3 ± 1.5 I 


D*° (2007) K~K* (892) \ 


1 15.0 ±4.0 I 


I 15.3 ±3.1 ±2.9 I 




1 15.3 ±4.2 | 


D*+(20lO)lT-TT + lT-lT- 


1 26.0 ±4.0 I 


1 25.6 ±2.6 ±3.3 1 




1 25.6 ±4.2 I 


D*°(2007)tt- 




1 51.9 ±2.6 1 






52.8 ± 2.8 










I 55.20 ± 1.70 ±4.20 ±0.20 h 












I 51.3 ±2.2 ±2.8 h 




D**°7T- 




1 59 ± 13 I 




1 55.0 ± 5.2 ± 10.4 I 


55 ± 12 


D*°(2007)n-TT + n 


7T + 7T 




1 56.7 ±9.1 ±8.5 1 




1 57 ± 12 I 


D*°(2007)vr-7r + 7r- 


1 103 ± 12 I 


1 105.5 ± 4.7 ± 12.9 1 




1 106 ± 14 I 



Branching fraction measurements and isospin analyses for B £)'*^7r decays (65M BB pairs) ; B — > D*°ir 

Measurement of the Absolute Branching Fractions B — >■ .D^****^7r with a Missing Mass method (231M BB pairs) ; B~ — > D*®7T~ 



Table 90: Branching fractions of charged B modes producing a single D meson in units of 10" 
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00108.html 

BABAR 



Mode 






PDG 2008 


Belle 


D-K° 




1 < 0.005 1 




D°K~ 






I 0.40 ± 0.02 | 


1 0.38 ±0.02 ±0.03 ±0.02 


D°K* 




(892) 


1 0.53 ±0.04 I 




D°K~ 


K° \ 


1 0.55 ±0.16 1 


1 0.55 ±0.14 ±0.08 1 


D°K~ 


K*°(892) 


1 0.75 ±0.17 1 


1 0.75 ±0.13 ±0.11 1 


D+n- 




"I 


I 1.02 ±0.16 I 


I 1.02 ±0.04 ±0.15 I 


D%- 






I 4.84 ±0.15 I 





upper limits are at 90% CL. The 



CDF Average 



D°K- 



l< 190 I 



< 0.005 I 



0.53 ±0.03 ±0.03 



1.08 ±0.03 ±0.05 



4.900 ± 0.070 ± 0.220 ± CX006~| * 
I 4.49 ±0.21 ±0.231 2 



I < 0.005 1 
I 0.38 ± 0.041 
I 0.53 ±0.051 
I 0.55 ±0.161 
I 0.75 ±0.171 
| 1.07 ± 0.051 
| 4.75 ± 0.191 



1^190 



Branching fraction measurements and isospin analyses for B — >■ Z)'*^7r decays (65M BB pairs) ; B — >■ D®tt 
Measurement of the Absolute Branching Fractions B — >■ L)(* '**'7r with a Missing Mass method (231M BB pairs) 



Table 91: Branching fractions of charged B modes producing charmed particles in units of 10 6 , upper limits are at 90% CL. The 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00109.html 

Mode 



PDG 2008 Belle BABAR CDF Average 



| AT-a;(16 5O)0(lO"2Oy| 



I < 1.90 I 



r<~i.9o 



Table 92: Branching fractions of neutral B modes producing new particles in units of 10 4 , upper limits are at 90% CL. The latest 
version is available at: http://hfag.phys.ntu.edu.tw/b2charm/0020Lhtml] 

Mode PDG 2008 Belle BABAR CDF Average 



D* sJ (2317) + K- 
X+(3872)K- 
P- T (2A6Q)D + 
£>;j(2460)£>* + (2010) 



I 35 ±11 

I 93 ± 22 



0.53 ±° f 4 ±0.07 ±0.02 



0.53 ± 0.15 



r^oi 

I 26.0 ±15.0 ±7.0 
I 88 ± 20 ±T4l 



I 26 ± 17 I 
I 88 ± 24 I 



Table 93: Product branching fractions of neutral B modes producing new particles in units of 10 4 , upper limits are at 90% CL. 



The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00201.html 
Mode 



PDG 2008 



Belle 



BABAR 



CDF Average 



T*0 



K (892)X(3872)[J/V>(lSh 



K + Z-{U30)[J/ip{lS)7i- 



7^(2460)^-7] 



K 



*u 



(892)X(3872)[^(2S) 



7. 



iTX(3872) [7/^(15)7] 
K-X+(3872)\J /^{IS)tt + t^]\ 

K X(3872)[J/^(15)7r+7r- 

K-D: T (2 m)\DH\ 



K i> X{3872)[ib(2Syf] 



7r + D* sJ (23l7)-[D;n 



K + Z-( U30) [^ {2sy 

K°Y (3940) [J/^(15)o;(782)] 
K~P;A23l7)+\DfFn 



D + D;j(2460)[D-7r + 7r 
D+DZt (2460) [I?77r u 
X"X(3872) [If U (2007)£> 
D+D7 J (2460)[D;- 7 ] 

£>+ D.- J (2460)[£>HT 



£>+d; j (2317)-[£>;- 7 



D+D; j (2317)-[£>77t c 



D* + (2010)D s * J (2317)-[D s -7r c 
D*+(2010)L>- f (2460 [L>77 
£> + £>- r (2460)[£>r7r u 1 | 
£'* + (2010)L'7 J (2460)[L> s *-7r c 



I < 0.054 I 
I < 0.060 I 



I < 0.25 I 



I 0.43 ±0.141 
I < 2.00 I 
r<"331 

r^4Xi 

I 6.6 ± 1.7 I 
1^931 

I 9.9 ±3.7 I 
I 15.0 ±6.01 
I 23.0 ±8.0 I 



I < 0.040 I 



I < 0.086 I 



I < 0.25 I 



0.44 ±0.08 ±0.06 ±0.11 



I < 2.00 I 
HT331 



I < 0.028 I 
I < 0.030 I 

I < 0.044 I 

I < 0.049 I 
I < 0.054 I 

I < 0.060 I 
I < 0.190 I 

I < 0.29 I 
I < 0.31 I 



1^4X1 



8.2±?;g ±2.5 



1^931 



8.00 ± 2.00 ± 1.00d=|;gg 



8.6 ±%-3 ±2.6 



22.7 ±H ±6.8" 



18.0 ± 4.0 ± 3.0±£g 



15.0 ± 4.0 ±2.0±|;° 



23.0 ± 3.0 ±3.0±| n l 



28.0 ± 8.0 ±5.0± 



10.0 
6.0 



55.0 ± 12.0 ± 10.0±i^ 



< 0.028 
^0.030 



< 0.040 



< 0.044 



< 0.049 



< 0.054 



< 0.060 



< 0.086 



< 0.190 



RD.25 



< 0.29 



< 0.31 



0.44 ± 0.15 
I < 2.00 I 
H<"331 



< 4.4 



8-l±II 



ToX±Q 

15.0± n 

23_0±le 
24.6±£f 



Table 94: Ratios of branching fractions of neutral B modes producing new particles in units of 10°, upper limits are at 90% CL. 
_^ The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00201.Mml] 

^ Mode PDG 2008 Belle BABAR CDF Average 

" jf^BSP) LML± 0-24 ± 0.05 I I 0.41 ± 0.25 | 



OX 



Table 95: Branching fractions of neutral B modes producing strange D mesons in units of 10 3 , upper limits are at 90% CL. The 
latest version is available at: |http:/ /hfag.phys.ntu.edu.tw/b2charm/00202.html| 



Mode 



07 a J (980) 
D~p^ (770) 



DJK- | 
DJAp 



D*+K*-(S92\ | 
DTK*" (892) | 
-D;~a+(980)~r 
l>*-p+(770r| 

D~TD + 



D7af (1320) 



-D;~aT (1320) 

o;+_d: 
d:~d+ i 



PDG 2008 



H1B.1R 



CDF 



| -D7D I> + (2010) | 
| £>|-.D*+(2010) | 

| D~ L (2536)-D* + (2010)~| 



< 0.019 

< 0.024 



0.024 ± 0.004 
0.024 ± 0.004 
0.02G ± 0.005 
0.030 ± 0.004 



□ [< 



| 0.03 ± 0~01~| 
| 0.035 ± 0.010 | 
I < 0.0361 
| 6.04 ± 0.6T1 
I < 2.5 I 

I < 0.6361 



I < 0.136 I 
I < 0.190~l 
I < 0.200~| 
I < 0.241 
| 7.5 ± 1.6~| 
| 7.40 ± 0.70~| 



8.2 ± 1.1 
| 17.8 ± 1.4 | 



! ±0.004 ± 0.006 



' ±0.006 ± 0.012 



0.029 ± 0.007 ± 0.005 ± 0.004 
0.036 ± 0.009 ± 0.006 ± 0.009 



I < 0.200 l 6 
I < 0.036 l 5 



| 7.42 ± 0.23 ± 1.36~| 6 
| 7.50 ± 0.20 ± 0.80 ± 0.80 | 5 



< 0.019 

I < 0.019 l 2 
I < 0.024 l 1 



0.024 ± 0.004 ± 0.001 ± 0.001 
I 0.025 ± 0.004 ± 0.001 ± 0.001 I 
| 0.026 ±q |"| r j ±0. 001 ± 0.001 I 
| 0.029 ± 0.004 ± 0.001 ± 0.0021 



[o ±0.004 ± 0.002 



±0.003 ± 0.(102 



| 0.041 ±g;gj| ±0.003 ± 0.002 I 
I 0.055 ± 0.013 ± 0.010 ± 0.002 | 
I < 0.0551 

I < O.lOOl 

< 0.130 
I < 0.1901 
I < 0.2001 
I < 0.24 | 
r"6.7±2.0±l~l~| 

|~9.0 ± 1.8 ± 1A~\ 



. 5.70 ± 1.60 ± 0.90 7a 
| 10. 3 ± 1.4 ± 1.3 ± 2.6| 8g 



18.80 ± 0.90 ± 1.60 ± 0.60 9 

| 16.5 ± 2.3 ± 1.9 \ ' 6 
| 19.7 ± 1.5 ± 3.0 ± 4.9 \ sb 
| 92.00 ±24.00 ± 1.00 | 



I < 0.0191 
| < 0.0191 

0.024 ± 0.004 
0.025 ± 0.004 
0.026 ± 0.005 
0.030 ± 0.004 
0.031 ± 0.008 



: 0.01 
: 0.01 | 



0.03 ± ( 
| 0.04 ± I 

i < o.oain 

E 0.04 ± 0.01 I 
0.06 ± 0.02 | 
| < 0.055 | 
| < 0.036 | 



I < 0.13"0~l 
I < 0.19TTI 
I < 0.20"0~| 
I < 0.24~| 
| 6.7 ± 2.3 | 
| 7.67 ± 0.82 | 



| 6.8 ± 1.6~| 



| 18.2 ± l3T| 



92 ± 24 



D 



(*) + 



7r~ , B" -> D 



(*)+, 



and B° -> (381M BB pairs) 



D 7P 



+ 



Measurement of the Branching Fractions of the Rare Decays B ■ 
A search for the rare decay ~B° -> D^p+ (90M BB pairs) ; fl° 
Observation of BObar to Ds+ Lambda pbar (447M BB pairs) 
Observation of BObar - Ds+ Lambda pbar decay (449M BB pairs) 

Improved measurement of BObar - Ds-D+ and search for BObar - Ds+Ds- (449M BB pairs) 
Improved measurement of B® — > D~ and search for SO — > D ~ at Belle 

Study of B — > + X~ and B — > Z?g X + decays and measurement of D~ and DJ.(2460) absolute branching fractions (230M BB pairs) ; 7a 

Measurement of ~B® — > D^*^ D* Branching Fractions and D*D* Polarization with a Partial Reconstruction technique (22. 7M BB pairs) ; ^ a S° — ¥ D\ 



B° ->•£)-£)*+ ; 7b B°->D*-D* + ) 
-D*+ ; Sb B° -> D*-D* + 



Measurement of the B — »• _D* D' and D 



4>ir + branching fractions (123M BB pairs) ; B -> D*~ D* 



Table 96: Product branching fractions of neutral B modes producing strange D mesons in units of 10 4 , upper limits are at 90% 
CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00202.hTml] 

Mode 



PDG 2008 



Belle 



BABAR 



CDF Average 



£> + £>.7[7r-(/>( 1020) \K + K=\\\ 
D + D~, (2536) \K~D* U (2007)1 
D+D7 1 (2536)[£>*-(2010)K 



L> + L>,7[(/>(10 20)7r- 



D*+ (2010)1)7! (2536) (2007) AT+ 
D*-D+\D- T</>(1020)7rjT 
D*+ (2010)£'7 1 (2536) [D*~ (2010) if° 
J P* + (2OlO) J P7[0(lO2O)7r- 



D 



(2010)^(2536) [D*+(2010)K° S 
£>*-£>*+ (2010) [£>7 -» 0(1O2O)7T 



1.70 ±0.60 
I 2.6 ± 1.1 I 

I 3.3 ±1.1 I 



I 5.0 ±1.7 I 



2.50 ±0.90 



I 1.47 ±0.05 ±0.21 I 



l< 6.0 I 



1.71 ±0.48 ±0.32 



2.61 ± 1.03 ±0.31 



2.67 ±0.61 ±0.47 



3.32 ±0.88 ±0.66 



4.14 ± 1.19 ±0.94 



5.00 ± 1.51 ±0.67 



5.11 ±0.94 ±0.72 



I 12.2 ±2.2 ±2.2 | 



I 1.47 ± 0.22 



1.71 ± 0.58 



2.6 ± 1.1 



2.67 ±0.77 I 



3.3 ± 1.1 



I 4.1 ±1.5 I 



5.0 ± 1.7 



I 5.1 ± 1.2 I 

l< 6.0 I 
I 12.2 ±3.1 1 



Table 97: Ratios of branching fractions of neutral B modes producing strange D mesons in units of 10°, upper limits are at 90% 
CL. The latest version is available at: |http: / /hfag.phys.ntu.edu.tw/b2charm/00202.html| 



Mode 



PDG 2008 Belle BABAR 



CDF 



Average 



b(b u -»d;~ d+) 

B(B°^D7D+) 

— n ! 



B(B ^D7D*+(2010)) 
B(B°->D7D+) 



B(B°^DJD+) 
B(S°^-D + 7r+7r-7r-) 



I 0.90 ± 032 

1 1.50 ± o^n 

I 1.99 ±0.13 ±0.11 ±0.451 I 1.99 ±0.481 



B(T?^D7 D+) 



2.60 ±0.50 ±0.20 



2.60 ±0.54 



-1 



Table 98: Branching fractions of neutral B modes producing baryons in units of 10 5 , upper limits are at 90% CL. The latest 



version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00203.html 



J/^(lS)pp 
E++V K- 



A r p I 



AJvK~n + 



£>*" (20071^1 



I z u c p*+ I 



Average 



2.00 ± 0.40 



2.00 ±0.40 



15.0 ± 5.0 



| 10.3 ± Q~| 
| 11.40 ± 0~90~| 



| 22.0 ± 7 IT) 



I < 0.083 1 



i ±0.32 ± 0.57 



I < 12.1 I 1 
I < 3.3 |- 
12.0 ±H ±2.1 



11.8 ± 1.5 ± 1.6 

| 16.3 ±|;^ ±2.8 ± 4.2~| 1 
I 12.0 ± l!p ± 2.0 ± 3~0l 2 

I 14.0 ± 2.0 ± 2.0 ± 4.0 I 2 
<15.9 1 



I 23.8 ±g;f ±4.1 ± 6.2" 



| 21.0± 2.0 ±3.6 ±5^.6 



r< 0.190 1 

1.11 ± 0.30 ± 0.09 ± 0.29 



1 ± 0.21 ± 0.0G ± 0.49 



l< 2-4 I 

4.33 ± 0.82 ± 0.33 ± 1.13 



10.10 ± 1.00 ± 0.90 



11.30 ± 0.60 ± 0.80 



| < .083 
1.11 ± 0.43 
1.98 ± 0.45 

| 4.3 ± 1.4| 
I < 5.7 I 
| < 3.31 



| 10.3 ± 1~3~1 
I 11.39 ±0^1 
I 12.9±g;l 



| 14.0 ± 4T9~| 
I 21-8±g j | 





ppTT 


33.8 ± 3.2 




33.8 ± 1.4 ± 2.9 




33.8 ± 3.2 






D* + (2010)ppir~ 


50.0 ± 5.0 




48.1 ± 2.2 ± 4.4 




48.1 ± 4.9 






A+A7l< u | 




,| 79 ±23 ±12 ±41 |, 


1 < 150 | 


1 T9±Jg 






130 ± 40 


110 ±}J ±19 ± 29 




110 ± 37 | 



STUDY OF EXCLUSIVE B DECAYS TO CHARMED BARYONS AT BELLE. (31. 7M BB pairs) 



Study of the charmed baryonic decays B 



E + + pir~ and B° 



£°piT+ (386M BB pairs) 



BObar to Sigmac(2455) + + pbar pi 



GO 



Table 99: Product branching fractions of neutral B modes producing baryons in units of 10 5 , upper limits are at 90% CL. The 
latest version is available at: |http:/ /hfag.phys.ntu.edu.tw/b2charm/00203.html| 



Mode 



PDG 2008 



Belle 



BABAR CDF Average 



7T n 



I 9.0 ±5.0 I 



9.3 ±H ±1.9 ±2.4 



I < 5.6 I 



I 9-3±ff I 



CO 



Table 100: Branching fractions of neutral B modes producing J/ip(lS) in units of 10 5 , upper limits are at 90% CL. The latest 
version is available at: http:/ /hfag .phys.ntu.edu.tw/b2charm/00204.html| 



Mode 



y/<M16')«1020) 
7/V(lS)/ 2 (1270) 



j/^risi-p"°~| 

J/-il>(lS)n-<-Tr- | 



| J/V;(lS)p°(770n 



J/4>(lS)v'(958) 



J/w(lS)<M1020)7f 
J/i/<(lSM782)if 



■ 



Average 



J/MlS)K°p (770) I 
J/^flg1g*"f892l7r + 7r- | 
J/^(1S)X*-(892)tt+ 

J/^riS1X U 7r + 7r 



J/iij(lS)A'V(1270) 



J/i/>(lS)if* u (892) 



< 0.094 

< 0.160 



< 0.094 

| 0.9BTfl.l9 

< 0.4G 



I < 1.30 I 



1.76 ± 0.16 



4.60 ± 0.90 



| 2.70 ± 0.40~| 



|~8~0~± 4.0 | 
|~9~4~± 2.6 | 

| 310, 000 ± 70, 000 | 



| 54 ± 30 | 



66 ± 22 



80 ±40 



87.1 ± 3.2 
120 ± 60 

| 130 ± 50~| 
| 133.0 ± 6~0~| 



I < 0.094 1 



| 0.96 ± 0.17 ± 0.071 

| 0.98 ± 0.39 ± 0.20 | 2 
I < 0.49 I 1 

2.30 ± 0.50 ± 0.20 

| 2.20 ± 0.30 ± 0.20 I 1 
I < 1.00 | ^ 



2.80 ± 0.30 ± 0.30 



1.90 ± 0.20 ± 0.20 



| 79.0 ± 4.0 ± 9.0 ±TT0~| 

| 130 ± 34 ± 25 ± 18~| 
| 129.0 ±5.0 ±13.0 ±2.0 | 



< 0.160 

< 0.90 

i < 27 r 

r^"a46~l 

r^T3o~i 

I 1.69 ±0.14 ±0.07 | 
r^T~20~l 

| 2.70 ± 0.30 ± 0.20 | 



| 8.40 ± 2. ±2.70 ± 0.20 | 
| 10.20 ± 3.80 ± 1.00 ± 0.20 | 



31.0 ± 6.0 ± 3.0 
30.0 ± (i.O ± 3.0 



| 86.9 ± 2.2 ± 2.6 ±T75~| 
| 130.9 ± 2.6 ± 7.4 ±"2~2~| 



| 54.0 ± 29.0 ± 9.0 | 
| 66 ± 19 ± 11 | 
| 77 ± 41 ± 15 | 
I 115 ± 23 ± 17 | 
| 103 ± 33 ± 15 | 

| 174 ± 20 ± 18 | 



< 0.094 

< 0.160 I 

< 0.90 



0.96 ± 0.18 
0.98 ± 0.44 



I < 1.30 I 



1.74 ± 0.15 
2.20 ± 0.36 



2.33 ± 0.20 



[Z1Z] 

| 8.4 ±3.8 | 
| 10.2 ± 3~9~| 
| 31.0 ± 6T7~| 



| 54 ± 30 | 



i ± 22 



77 ± 43 



86.3 ± 3.5 
103 ± 36 

| 130 ± 46~| 
| 133.2 ± 6~8~| 



1 Study of B° — > J/ip-K + TT^ decays with 449 million B~B pairs at Belle (449M B~B pairs) 

2 MEASUREMENT OF BRANCHING FRACTIONS IN B0 — J/PSI PI+ PI- DECAY. (152M B~B pairs) 

3 Observation ol Y(3940) -> J/ipLj in B -> J/ipuK at BaBar 

4 Observation of F(3940) -> J/V" in B -t J/ijjuiK at BABAR (383M B~B pairs) ; bjpsiomegakO 



Gi 
O 



Table 101: Ratios of branching fractions of neutral B modes producing J/i/j(1S) in units of 10°, upper limits are at 90% CL. The 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00204.html 
Mode 



PDG 2008 



Belle 



BABAR 



CDF 



Average 



B{W^J/4'(lS)7Cj(1270)) 

B(B-->J/tb(lS)K -) | 
B0'^ Vc (lS)K°) 
B(B 1 '^J/^(1S)K 11 ) 



1.30 ±0.34 ±0.28 



I 1.34 ±0.19 ±0.13 ±0.381 



1.30 ±0.4^ 
1.34 ± 0.44 1 



B(B" ->J/iP(lS)K* u (892)) 
B(B a ^J/4>(lS)K°) 



I 1.51 ±0.05 ±0.08 I I 1.39 ±0.36 ±0.10 I I 1.50 ± 0.09 1 



Table 102: Miscellaneous quantities of neutral B modes producing J /ip{lS) in units of 10°, upper limits are at 90% CL. The latest 
version is available at: |http:/ /hfag.phys.ntu.edu.tw/b2charm/00204.html 

Mode PDG 2008 Belle BABAR CDF Average 



\Ao\ 2 (B u ^J/4>(lS)K*°($lnj) 
Un! 2 (B ^JM(lSW* (892)) 
\A \ 2 (B ^J/4>(1S)K~°(892)) 
\Ao\ 2 (B ^J/tP(lS)K*°(892)) 



I < 0.26 I 
I < 0.32 I 



I < 0.26 I 
I < 0.32 I 



Table 103: Branching fractions of neutral B modes producing charmonium other than J/ip(lS) in units of 10 4 , upper limits are 
at 90% CL. The latest 



Mode 



version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00205.html 
PDG 2008 



Belle 



BABAR 



CDF 



Average 



*() 



0.11 ±0.03 1 | 0.11 ±0.02 ±0.01 
I < 0.26 I 



I < 0.28 I 



Xc2(lP)K (892) 
Xc0 (lP)X*°(892) 
X cl (lP)if* U (892) 



77 C (2S)F*(892) 



I < 0.36 I 
1.70 ± 0.40 I 

2.00 ± 0.50 I I 3.10 ±0.30 ±0.70 I 



0.66 ±0.18 ±0.05 
1.70 ±0.30 ±0.20 

2.50 ±0.20 ±0.20 



6.10 ±1.00 



Vc (lS)K^(892) 



3.90 ± 0.40 I I 3.50 ±0.30 ±0.50 I 



6.10 ±1.00 



16.2 ± 3.2 ±'j A 4 ±5.0 



I 4.20 ±0.30 ±0.30 I 
5.70 ±0.60 ±0.40 ±0.80 h 



8.0±f£±1.3±?;; 



Xco(lP)K 



I < 1-13 I 



6.40 ±0.40±?;g° 



I < 12.4 I 



0.11 ± 0.03 

I < 0.28 I 
0.66 ± 0.19 



1.70 ± 0.36 



2.57 ± 0.26 



|< 3.9 I 
3.96 ± 0.34 



6.i±i : ; 



^(2S)K° 




1 6.20 ± 0.60 1 


1 6.7 ±1.1 1 


1 6.46 ±0.65 ±0.44 ±0.25 1 


L 


6.55 ± 0.66 


ifj{2S)K 


(892) 


1 7.20 ± 0.80 I 


I 7.20 ±0.43 ±0.65 I 


1 6.49 ±0.59 ±0.94 ±0.25 I 


I 9.00 ±2.20 ±0.90 I 


7.11 ±0.62 


Xc0 (lP)K*°(892) 


1 1.70 ±0.40 1 




l< 7.7 | 




l< 7.7 1 


V C (1S)K U 




1 8.9 ± 1.6 1 








8.7 ± 1.9 








12.3 ± 2.3 ±Hi ±3.8 


I 11.4 ±1.5 ±1.2 ±3.2 h 







I < 12.4 I 



Study of B-mcson decays to etac K(*), etac(2S) K(*) and etac gamma K(*) 
Branching Fraction Measurements of B — > rj c K Decays (86. 1M BB pairs) 

Evidence for the B® — > ppK*® and B^ — > Tj c K *~ >r decays and Study of the Decay Dynamics of B Meson Decays into pph Final States. (232M BB pairs) ; ^ a betackzero ; 3& bctackstarzppbar 



Table 104: Product branching fractions of neutral B modes producing charmonium other than J /if? (IS) in units of 10 4 , upper 
limits are at 90% CL. The latest version is available at: |http:/ /hfag.phys.ntu.edu.tw/b2charm /00205. html| 



Mode PDG 2008 Belle BABAR CDF Average 



gy(3770)[£>°£>°1 




1 < 1.23 1 


1 < 1.23 | 


^V(3770)fD + £>-l 




1 < 1.88 1 


1 < 1.88 I 


K*\892)h c (lP)[r ]c (lS) 1 ] 


l< 2.2 1 


l< 2.2 | 



to 



Table 105: Ratios of branching fractions of neutral B modes producing charmonium other than J/ip(lS) in units of 10°, upper 
limits are at 90% CL. The latest version is available at: |http : / /hf ag. phy s .ntu.edu.tw/b2 charm /0 02 05 . html | 

Mode PDG 2008 Belle BABAR CDF Average 



B(B u ^h c (lP)K* u (892))xB(h c (lP)^r )c {lS)'y) 
B(B-^ric.aS)K-) 



B(B°^h c (lP)K" J (892))xB(h c (lP)^rj c (lS)-y) 



B(B 



B(B°^n r(lS)K" J (892)) 
VcjlSW" (892)) 
B(B--tvr.ttS)K-) 



B(B"^Xd(lP)K "(892)) 
WB^Y^aPW ) 



B(B"^r) c (lS)K u ) 
Bill ;„:\S:I< : 



B{B'^{2S)K "(892)) 
BCB ^(2S)K°) 

B(B a ^r) c (lS)K"'(892)) 
g(B°-»? e (15)l? ) 



1.33 ± 0.36=bg;§| 



I < 0.261 
I < 0.391 

I 0.67 ±0.09 ±0.07 I 
I 0.72 ±0.11 ±0.12 I 

I 0.87 ±0.13 ±0.07 I 
I 1.00 ±0.14 ±0.09 I 



f<~0.26 
I < 0.39 I 



0.67 ±0.11 



0.72 ±0.16 
0.87 ±0.15 



1.00 ±0.17 



i ooxO.43 
i - oox 0.49 



Table 106: Branching fractions of neutral B modes producing multiple D, D* or D** mesons in units of 10 , upper limits are 
90% CL. The latest version is available at: |http: / /hfag.phys.ntu.edu.tw/b2charm/00206.html| 

Mode PDG 2008 Belle BABAR CDF Average 





1 < 0.043 1 


1 < 0.042 1 


1 < 0.060 1 


I < 0.042 | 


D*°(2007)D (2007) 


1 < 0.090 1 




1 < 0.090 1 


| < 0.090 1 




0.17±0.07±°;°3 




0.17 ± 0.08 | 


D+D- 


0.21 ±0.03 






0.22 ± 0.02 



£>°:P* (2007) 
D*- (2010)5+] 
£>* + (2010)£> 



(2010) 



d+d-k" 



D + D°K- 



D* + (2010)T?K- 



D°D*\2007)T? 



D*+ (2010) D*~ (2010) K° s 
D+D (2007)K~ 



D* + {2010)D-K° 
D*°(2007)D* U '{2007)K V 
£>*(2010)£>*+ (2010)7?" 
D*+(2010)D (2007)K~ 



I < 0.29 I 
0.61 ±0.15 



0.20 ±0.02 ±0.02 h 
0.32 ±0.06 ±0.05 h 



1.17 ±0.26 ± f 4 ±0.08 



0.28 ± 0.04 ± 0.03 ± 0.04 



EH] 

0.57 ±0.07 ±0.06 ±0.04 



0.82 ±0.09 I 0.81 ±0.08 ±0.11 I I 0.81 ± 0.06 ± 0.09 ± 0.05~| 



I < 1.40 I 
I < 1.70 I 
1.70 ±0.40 I 
3.10 ±0.60 I 

r^3?n 



I 4.60 ± 1.001 
I 6.5 ± 1.6 I 

l< 6.6 I 
I 7.8 ± 1.1 I 

I 11.8 ±2.01 



I < 1.40 I 
I < 1.70 I 
I 1.70 ±0.30 ±0.30 I 



3.10 ± u f ±0.40 



3.40 ± 0.40 ± 0.70 



4.40 ± 0.40 ± 0.70 ± 0.04 
I 4.60 ±0.70 ±0.70 I 
I 6.50 ± 1.20 ± 1.00 I 



l< 6.6 I 



8.8 ±^±1.3 



I 11.80 ± 1.00 ± 1.70 I 



I < 0.29 I 
I 0.62 ± 0.091 
I 0.81 ± 0.091 
I < 1.40 I 
I < 1.70 I 
I 1.70 ±0.421 



Q i n-u0.57 
o.iU3= 50 



3.90 ± 0.57 



I 4.60 ± 0.991 
I 6.5 ± 1.6 I 
l< 6.6 I 



8.8±?;° 



I 11.8 ±2.0 



Evidence for CP Violation in BO - D + D- Decays (535M BB pairs) 

Observation of B° -> D + D~ , B~ D° D~ and B~ -> D° D*~ decays (152M BB pairs) 



Table 107: Product branching fractions of neutral B modes producing multiple D, D* or D** mesons in units of 10 4 , upper limits 
are at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00206.html 



Mode 



PDG 2008 



Belle 



BABAR 



CDF Average 



if-£>; + (2460)[£>°7r + 1 | 
ttD* 2 + (2460) [D*+ (2010)7r-7r + 



7r-D+(2420)[ J D* + (2010)7T-7r H 
n-DUH)[D*°(2007)ir + [ " 
7r-£^(2420)[£>+7r-7r+ " 

[£> U 7T+1 | 



tt-D* 2 + (2A60)[D*°(2007)tt- 



7i-D; + (2460)[D ti + 



7r-L>+(2 420) [£>*°(2007)7r H 
o;(782)£>g(ij-)[£>* + (2010)7r- 



I < 0.24 I 
I < 0.33 I 

0.89 ±0.29 | 
0.60 ±0.30 I 

2.15 ±0.35 I 

I 4.1 ± 1.6 I 



I < 0.24 I 
I < 0.33 I 
I < 0.70 I 



0.89 ± 0.15 ±0.17±g;gj 



I < 1.20 I 



2.45 ± 0.42 ±°;| ±° f 7 



3.08 ± 0.33 ± 0.09±g;^ 



3.68 ± 0.60 ±°;fl ±° : « 



0.18 ±0.04 ±0.03 



I 4.10 ± 1.20 ± 1.00 ± 0.401 



0.18 ±0.05 
I < 0.24 I 
I < 0.33 I 
I < 0.70 I 



0.89±°;i 



I < 1.20 I 



2- 45±g;gI 

3- 08±g;| 
3 -68±a7l 



4.1 ± 1.6 



CTs 



Table 108: Ratios of branching fractions of neutral B modes producing multiple D, D* or D** mesons in units of 10°, upper limits 
are at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00206.Mml] 



Mode 



PDG 2008 



Belle 



BABAR 



b{b"^d+k-) 

B(B°^D+^) 



CDF 



Average 



B{B"-^D*+(20W)K-) 
Bfif ->£>*+ (2010)tt-) 



B(B -kD"+7t-) 
B(B° ^D+it-) 

(2010)71--) 
B(B° ->£)+7r-r 
B(B^-kD P°(770)) 

B(B°^D°u(782)) 

— ;C — 



B(B"->D+y-u^) 
S(B%D+7r-) 



B(B ^D*+(2010)^-j7 M ) 
B(B%D*+(2010)7r-) 



0.068 ±0.015 ±0.007 



0.074 ± 0.015 ± 0.0061 I 0.078 ± 0.003 ± 0.003 



1.60 ±0.80 



0.77 ±0.22 ±0.29 I 
0.99 ±0.11 ±0.08 



9.80 ± 1.00 ±0.60 ± 1.20 



17.70 ± 2.30 ± 0.60 ± 1.201 



I 0.07 ±0.02 | 
0.077 ±0.004 



0.77 ± 0.36 



0.99 ± 0.14 



I 1.60 ±0.80 I 
I 9.8 ±1.7 I 
I 17.7 ±2.7 I 



Table 109: Branching fractions of neutral B modes producing a single D* or D** meson in units of 10 4 , upper limits are at 90% 



CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00207.html 
Mode 



PDG 2008 



Belle 



BABAR 



CDF Average 



D*°(2007)K 
D* U (2007)iT U (892 
L>*°(2007)A" (892) 
£>* u (2007)r/(958) \ 
D*°(2007)tt° 



D*°(2007)t] 
/ 2 (1270)I)* U (2007) | 
D*+(2Q1Q)K- 
D* (2007)q; (782)] 
£>*+(2010)if°7r- 
£>*+(2010)ir*-(892) | 
£>* (2007)p°(770) | 



I 0.36 ±0.121 
I < 0.40 I 

I < 0.69 I 
I 1.23 ±0.351 
I 1.70 ±0.401 
I 1.80 ± 0.601 

I 2.14 ±0.161 
I 2.70 ± 0.801 
I 3.00 ±0.801 
I 3.30 ±0.601 



I < 0.661 
I < 0.401 

I < 0.691 
I 1.21 ±0.34 ±0.22 | 
I 1.39 ±0.18 ±0.26 I 
I 1.40 ±0.28 ±0.26 I 



0.36 ±0.12 ±0.03 



1.86 ± 0.65 ± 0.60±£jg 



I 2.04 ±0.41 ±0.17 ±0.161 
I 2.29 ±0.39 ±0.40 I 



r^n 

I 2.90 ±0.40 ±0.46 ±0.191 
I 2.60 ±0.40 ±0.37 ±0.161 



I 4.20 ± 0.70 ± 0.86 ± 0.27~| 
I 3.00 ± 0.70 ± 0.22 ± 0.201 
I 3.20 ±0.60 ±0.27 ±0.121 



3.73 ± 0.87 ±0.46±g;jg 



D* + (2010)K~K 
J D*°(2007)7r+7r 



I 6.2 ±2.2 | 



[Z5T] 1 

I 6.2±1.2±T5> 

10.90 ± 0.80 ± 1.60 h 



I 0.36 ±0.121 
I < 0.40 I 

I < 0.69 I 
I 1.21 ± 0.401 
1.69 ± .28 



1.77 ± 0.32 



2.04 ±0.471 
2.66 ± 0.50 



3.00 ± 0.76 I 
3.20 ±0.67 I 
3.73 ±0.99 I 



9.0 ±1.4 | 



D*+ (2010) K~K*° (892) 


1 12.9 ±3.3 I 


I 12.9 ±2.2 ±2.5 I 




1 12.9 ±3.3 I 


D**+7T- 1 




I 21.0 ± 10.0 I 




I 23.4 ±6.5 ±8.8 I 


I 23 zt 11 | 


J D*°(2007)7r-7r 


+ 7T 7T + 


1 27.0 ±5.0 I 


1 26.0 ±4.7 ±3.7 1 




1 26.0 ±6.0 1 


D* + (2010)7r- 




1 27.6 ± 1.3 1 






26.2 ± 1.3 








1 23.00 ± 0.60 ± 1.90 I 


1 27.90 ±0.80 ±1.70 ±0.05 |» 












I 29.9 ±2.3 ±2.4 h 




D* + (2010)w(782)tt- 


1 28.9 ±3.0 I 




I 28.8 ±2.1 ±2.8 ±1.4 | 


1 28.8 ±3.8 I 


J D*+(2010)7r-7r + 7T-7r + 7r- 


147.0 ±9.0 I 


1 47.2 ±5.9 ±7.1 1 




1 47.2 ±9.2 I 


J D*+(2010)7r-7r + 7r- 


1 70.0 ±8.0 1 


1 68.1 ±2.3 ±7.2 I 




1 68.1 ±7.6 1 



Study of B° -> Z> ( * )0 7r + 7r _ Decays (31. 3M BB pairs) 

Study of £f° ->• Z3^ )0 7r + 7r _ decays ; Dalitz fit analysis (152M BB pairs) 

Branching fraction measurements and isospin analyses for B — >■ D^*^ tv~ decays (65M BB pairs) ; B® — > D*~' r TV~ 

Measurement of the Absolute Branching Fractions B — > 7T with a Missing Mass method (231M BB pairs ) ; B° -> D" + n 



Table 110: Branching fractions of neutral B modes producing a single D meson in units of 10 4 , upper limits are at 90% CL. The 
latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00208.html| 

Mode PDG 2008 Belle BaBAR CDF Average 



£>V°(892) 
D"K-7r + I 



D°K*°(892) 
D°jf I 



D°K-7r+ I 



£>V(958) | 
/ 2 (1270)D» | 



D°r] 



D+K- I 



£>°o;(782) | 

£>°7T U I 



D°p° (770) 



D+K-K" I 



L>+ir*-(892) 



D + K°n- 



D+K-K*°(892) 



£> 7r+7r- I 



I < 0.110 I 
I < 0.190 I 



□lQ.180 



I 0.42 ± 0.06 I 




0.48 ±° f ±0.05 




1 0.52 ±0.07 1 




0.50 ±g;^ ±0.06 




1 0.88 ±0.17 1 








I 1.25 ±0.23 I 




1.14±0.20±8;i§ 




I 1.20 ±0.40 I 


1.95 ± 0.34 ± 0.38±°;jg 


1 2.02 ±0.35 I 


1 


1.77 ±0.16 ±0.21 


1 


1 2.00 ±0.60 1 


2.04 ±0.45 ±0.21 ±0.27 


1 2.59 ±0.30 1 


1 


2.37 ±0.23 ±0.28 


1 


I 2.61 ±0.24 | 


1 


2.25 ±0.14 ±0.35 


1 


1 3.20 ± 0.50 I 



2.90 ±1.00 ±0.40 h 



2.91 ±0.28 d= 0.33=bg;g| 



I 4.50 ±0.70" 
I 4.90 ±0.90" 
I 8.8 ± 1.9 I 
I 8.40 ±0.90 



I 26.8 ± 1.3 I 



I 8.8 ± 1.1 ± 1.5 I 

I 8.00 ± 0.60 ±T5TTh 
10.70 ± 0.60 ± 1.00 \ > 



R"0.110 I 
R"U.19U I 
I 0.40 ±0.07 ±0.03 I 

I 0.53 ±0.07 ±0.03 I 
I 0.88 ±0.15 ±0.09 I 
I 1.70 ±0.40 ±0.18 ±0.101 



2. 50 ±0.20 ±0.29 ±0.11 



I 3.00 ±0.30 ±0.38 ±0.131 
I 2.90 ± 0.20 ± 0.27 ±0.f3l 



I 4.60 ±0.60 ±0.47 ±0.16" 
I 4.90 ±0.70 ±0.38 ±0.32" 



25.50 ± 0.50 ± 1.60 ±0.10 
I 30.3 ±2.3 ±2.3 h 



I < 0.110 I 

I < 0.190 I 

0.42 ± 0.06 I 

0.52 ± 0.07 I 
0.88 ±0.17 I 
1.26 ±0.21 1 

l-95±^ I 



2.02 ± 0.21 



I 2.04 ±0.571 
| 2.59 ± 0.291 
| 2.59 ± 0.261 

1 



o qi-uo.58 



I 4.60 ± 0.78" 
I 4.90 ± 0.86" 
I 8.8 ± 1.9 I 
I 9.78 ±0.95 



26.5 ± 1.5 



1 Study of B° -> £> ( *' 7r + 7r~ Decays (31. 3M BB pairs) 

2 Study of "B° -)- £>(*)°7r + 7r - decays ; Dalitz fit analysis (152M B~B pairs) 

3 Branching fraction measurements and isospin analyses for B — Y D^*^tt decays (65M BB pairs) : B® — > tt 
Measurement of the Absolute Branching Fractions B — > TV with a Missing Mass method (231M BB pairs ) : B° -> D+ir- 



Table 111: Product branching fractions of neutral B modes producing a single D meson in units of 10 5 , upper limits are at 90% 

Average 



CL. The latest version is available at: |http: / /hfag.phys.ntu.edu.tw/b2charm/00208.html| 

Mode PDG 2008 Belle BABAR CDF 



D°K*\892)[K~ 



3.80 ± 0.60 ± 0.40 



3.80 ± 0.72 I 



Table 112: Branching fractions of miscellaneous modes producing charmed particles in units of 10 3 , upper limits are at 90% CL. 

CDF Average 



The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00300.html 
Mode PDG 2008 Belle BABAR 



B(B D°D\°K) 






0.13 ± 0.03±°;°2 


| 0.13 ± 0.04 


B(X J/^(IS)A) 








1 0.47 ±0.21 ±0.19 1 


1 0.47 ±0.28 1 


B(D -> D*°(2007)D-) 






1 0.63 ±0.14 ±0.08 ±0.06 1 


1 0.63 ±0.17 1 


B(B° S 7/^(15)0(1020)) 




1 0.93 ±0.28 ±0.17 I 


1 0.93 ±0.33 I 



Table 113: Product branching fractions of miscellaneous modes producing charmed particles in units of 10 5 , upper limits are at 
90% CL. The latest version is available at: |http: //hfag.phys.ntu.edu.tw/b2charm/00300.h tml| 

Mode PDG 2008 Belle BABAR CDF Average 



B(B KY(39A0)[u}(782)J/i/j(IS)]) 



I 7.1±1.3±"3T1 



I 7.1 ±3.4 I 



Table 114: Ratios of branching fractions of miscellaneous modes producing charmed particles in units of 10°, upper limits are at 
90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00300.Mml] 

Mode PDG 2008 Belle BABAR CDF Average 



05 



B(B U -+D+K~ 
BCB^ ^D+tt' 1 ) | 
B(B° s -+ip{2S)tt>(1020)) 
B(B?-j-J/-0(15)*flO2O)) 



B(B°^D+TT+TT-1T-) 

— ?e — 



B(B,^D+7T-) 
B(B° -»D+7r~ 



B(B°-^D7D?) 
B(~B*^D7D+) 



B{AI^A~-k+) 
B(B°^D+n-) 



B(A b ^A c fi + v^) 
B(X^A-it+) 



0.107 ±0.019 ±0.008 
I 0.52 ±0.13 ±0.07 I 
I 1.05 ±0.10 ±0.22 | 



0.11 ± 0.02 



0.52 ±0.15 



1.05 ±0.24 



1 1.13 ±0.08 ±0.05 ±0.15 1 


1.13 ±0.18 




I 1.67 ±0.41 ±0.12 ±0.46 I 


1.67 ±0.63 




1 3.30 ± 0.30 ± 0.40 ± 1.10 1 


3.3 ±1.2 I 



20.00 ± 3.00 ±1.20±°;f° 



20.0±|i 



Table 115: Miscellaneous quantities of miscellaneous modes producing charmed particles in units of 10°, upper limits are at 90% 
CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00300.html 

PDG 2008 Belle BABAR CDF Average 



C5 
CO 



Mode 



| 6\\{B -» 
I 5 n {B -» 



J/'MIS)K*) 
i)(2S)K*) 



~J/^{1S)K\ 

-» J/i[>(lS)K*) 
-» ^{2S)K 
A± \B -» ^{2S)K*) 
\A Q \ 2 {B^^(2S)K*) 
\A \ 2 (B 
\A \ 2 (B 



, A\\\B 
\Al\\B 
A\\\\B 
A\\\\B 



-» J/^{IS)K*) 
-> XddP)K*) | 



S±(B -» J/tl){\S)K*) 



-2.887 ±0.090 ±0.008 I I -2.93 ± 0.08 ± 0.04 | 

I -2.80 ±0.40 ±0.10 I 
I 0.00 ±0.30 ±0.10 I 
I 0.03 ±0.04 ±0.02 I 
I 0.20 ±0.07 ±0.04 | 

I 0.195 ±0.012 ±0.008 I I 0.233 ± 0.010 ± 0.005 I 



0.231 ±0.012 ±0.008 



0.211 ±0.010 ±0.006 
I 0.22 ±0.06 ±0.02 I 
I 0.30 ±0.06 ±0.02 I 
I 0.48 ±0.05 ±0.02 I 



0.574 ± 0.012 ± 0.009 I I 0.556 ± 0.009 ± 0.010 



2.938 ± 0.064 ± 0.010 



0.77 ±0.07 ±0.04 
2.80 ±0.30 ±0.10 
2.91 ±0.05 ±0.03 



-2.91 ± 0.06 



-2.80 ± 0.41 



0.00 ± 0.32 



0.03 ± 0.04 



r0T20± 
| 0.219 ± 
| 0.219 ± 

I 0.22 ± 



0T08~| 
0.009 | 
0.009 



0.06 



0.30 ± 0.06 



| 0.48 ± 0.051 
0.08 



fQ6± 
| 0.77 ± 



r2T8 ± 0.32] 
I 2.92 ± 0.04 I 



7 B decays to charmless final states 



The aim of this section is to provide the branching fractions and the partial rate asymmetries 
(Acp) of charmless B decays. The asymmetry is defined as A C p = N B _ +N B B , where Ng and 

Nb are respectively number of B°/B~ and B°/B + decaying into a specific final state. Four 
different B decay categories are considered: charmless mesonic, baryonic, radiative and lep- 
tonic. Measurements supported with written documents are accepted in the averages; written 
documents could be journal papers, conference contributed papers, preprints or conference pro- 
ceedings. Results from Acp measurements obtained from time dependent analyses are listed 
and described in Sec. HI Measurements of charmful baryonic B decays, which were included in 
our previous averages [3], are now shown in Section 7, which deals with B decays to charm. 

So far all branching fractions assume equal production of charged and neutral B pairs. 
The best measurements to date show that this is still a good approximation (see Sec. [3]). For 
branching fractions, we provide either averages or the most stringent 90% confidence level 
upper limits. If one or more experiments have measurements with >4a for a decay channel, 
all available central values for that channel are used in the averaging. We also give central 
values and errors for cases where the significance of the average value is at least 3a, even if no 
single measurement is above 4a. Since a few decay modes are sensitive to the contribution of 
new physics and the current experimental upper limits are not far from the Standard Model 
expectation, we provide the combined upper limits or averages in these cases. Their upper 
limits can be estimated assuming that the errors are Gaussian. For Acp we provide averages 
in all cases. 

Our averaging is performed by maximizing the likelihood, C = Y\Vi(x), where Vi is the 

i 

probability density function (PDF) of the ith measurement, and x is the branching fraction 
or Ac p. The PDF is modeled by an asymmetric Gaussian function with the measured central 
value as its mean and the quadratic sum of the statistical and systematic errors as the standard 
deviations. The experimental uncertainties are considered to be uncorrelated with each other 
when the averaging is performed. No error scaling is applied when the fit \ 2 is greater than 1 
since we believe that tends to overestimate the errors except in cases of extreme disagreement 
(we have no such cases). One exception to consider the correlated systematic errors is the 
inclusive B — > X s ^ mode, which is sensitive to physics beyond the Standard Model. In this 
update, we have included new measurements from both Belle and BaBar to perform the average. 
The detail is described in Sec. 17.31 

At present, we have measurements of about 400 decay modes, reported in more than 200 
papers. Because the number of references is so large, we do not include them with the tables 
shown here but the full set of references is available quickly from active gifs at the "Winter 2010" 
link on the rare web page: http://www.slac.stanford.edu/xorg/hfag/rare/index.html. 
Finally many new measurements involving scalar and tensor mesons are included for the first 
time. 

7.1 Mesonic charmless decays 
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Table 116: Branching fractions (BF) of charmless mesonic B + decays with kaons (in units of 
xlO 6 )). Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) 
results since PDG2008 [as of March 12, 2010]. 



RPP# 


Mode 


PDG2008 Avg. 


BABAR 


Belle 


CLEO 


CDF New avg. 


207 


K°TT + 


23.1 ± 1.0 


93 q + i i+i n 


99 + 1 Q 


18 s+ 3 ' 7 + 2 - 1 


23.1 ± 1.0 




K + TT° 


19 Q + fl fi 
iz.y Hz u.u 


±o.u in u.u zz u. / 


194 + n ^ + nfi 
iz.^i in u.o az u.u 


19 q+2.4+1.2 
1/ - y -2. 2-1.1 






1] J\ 


70 9 -I- 9 c; 
i u.z zz z.o 


71 ^ + 1 ^ + 9 
t i.o in i-.o zz o.z 


«Q9 + 99_)_Q7 
uy.z m z.z ^ o./ 


op|+10 1 J 

ou g m / 


71 i _|_ o c 


210 


n'K*+ 


4.9 ± 2.0 


A Q+!-9 j_ n o 

rfc. l7 1 Y _l_ L/.O 


< 2.9 


11 I" 1 " 127 


4 Q+2.1 

^• M -1.9 


211 




2.7 ± 0.9 


2-94_q 34 ± 0.21 


1.9 ± 0.3_q j 


2'8 
^•2-2.2 


2.36 ± U.27 


212 


T)K + 


19.3 ± 1.6 


18.9 ± 1.8 ± 1.3 


19.3ti;g =•= !- 5 


26 - 4 -a2 =•= 3 - 3 


19.3 ± 1.6 


213 


r]K ^(1430)+ 


18 ±4 


15.8 ± 2.2 ± 2.2 




15.8 ± 3.1 


214 


J7JST|(1430)+ 


9.1 ±3.0 


9.1 ±2.7 ±1.4 






9.1 ±3.0 




r]{129o)K^j 


New 


< 4.0 






< 4.0 






New 


< 1.2 






^ 1 9 
1 .z 






New 


n 0+1.8+1.0 

lo -°-1.7-0.6 




Q 9 + 2-4 i n o 
O.Z_i g It U.O 


1 ^ S +21 
10 -°-1.8 


zio 


U)l\ T 


ft i _l_ n q 
O.I ± U.o 


U.O It U.O ± U.O 


O.l ± U.O ± U.U 


ft 7 J- n 
0. f it U.O 


216 




< 3.4 


< 7.4 




< 87 


< 7.4 






New 


o /i n I or 1 I a a 

24. (J ± z.o ± 4.4 






24.0 ±5.1 






New 


21.5 ± 3.6 ± 2.4 






21.5 ± 4.3 


217 


1 r\ o r\ \ -4- Ty J. 

ao(980) T K u j 


< 3.9 


< 3.9 






< 3.9 


01 Q 

zlo 


(20^yoUJ i\ ^ T 


< Z.O 


< Z.O 






< z.O 


219 


K*°1T + 


10.9 ± 1.8 


10.8 ± o.6+i; 2 


9.7 ± 0.6_g;g 


7.6_g q ± 1.6 




220 


K*+n° 


6.9 ±2.4 


6.9 ±2.0 ±1.3 




7.ll^ 4 ± 1.0 


6.9 ± 2.3 


221 




55 ± 7 


54.4 ± 1.1 ± 4.6 


48.8 ± 1.1 ± 3.6 




51.0 ± 3.0 


222 


/>" + ,_- + ,— — ( \T T>\ 


e+6 

6_ 4 


n n i i /-1+6.8 

y.o ± i.u_ 1 2 


t ft n -L. ^ q+ 1 ■ 7 
16. y ± l.o^! 6 


< 28 


1 ft q _l_ o n 
16.3 zt 2.U 


223 


fo(980)K+ f 


9.2+0? 


10.3±0.5l;i;3 


8.8±0.8l?;^ 




9.5 ±0.9 


224 


/ 2 (1270)°K+ 


i o+0.4 
L - i -0.5 


0.88 ± 0.26+.°/ 2i 


1.33±0.30j;g;34 




l.UD_ 29 


225 


/o(1370)°X+ f 


< 10.7 


< 10.7 






< 10.7 


226 


p°(1450)A:+ 


< 11.7 


< 11.7 






< 11.7 


227 


/o(1500)if+ f 


< 4.4 


0.73 ±0.21 ±0.47 






0.73 ±0.52 


228 


/ 2 (1525)tf+ f 


< 3.4 


< 3.4 


< 4.9 




< 3.4 


229 


p°K+ 


4.2 ±0.5 


3.56 ± 0.45±g;^ 


3.89 ± 0.47l:g;4i 


8.4±|;° ± 1.8 


, O1+0.48 
3.»l_o.46 


230 


^(1430)°7r+ 


47 ±5 


32.0 ± 1.2j;g 8 


51.6 ±1.71^2 




45.2+6 : 2 


231 


KJ(1430)°7r+ 


< 6.9 


5-6 ± 1.2iJ J 


< 6.9 




5.6l 2 ' 2 


232 


ftT*(1410)°7r+ 


< 45 




< 45 




< 45 


233 


K*(im0)°iT+ 


< 12 


< 15 


< 12 




< 12 




Xi(1270)°7r+ 


New 


< 40 






< 40 




Xi(1400)°7r+ 


New 


< 39 






< 39 




/i(1285)A"+ 


New 


< 2.0 






< 2.0 




/l(1420)X+t 


New 


< 2.9 






< 2.9 


234 


K-TT+TT + 


< 1.8 


< 0.95 


< 4.5 




< 0.95 


237 




< 66 






< 66 


< 66 


238 


p+K° 


8.0 ±1.5 


8.0±^ | ± 0.6 




< 48 


8.o±i:S 


239 




75 ± 10 


75.3 ±6.0 ±8.1 






75.3 ± 10.1 



fProduct BF - daughter BF taken to be 100% 
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Table 117: Branching Fractions (BF) of charmless mesonic B + decays with kaons - part 2 (in 
units of 10~ 6 ). Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) 
results since PDG2008 [as of March 12, 2010]. 



RPP# Mode 


PDG2008 Avg. 


BABAR 


Belle 


CLEO 


CDF New avg. 




„o 


< 6.1 


< 6.1 




< 74 


< 6.1 


241 


/o(980)K + f 


5.2 ± 1.3 


5.2 ±1.2 ±0.5 






5.2 ±1.3 


9A9 




35 ± 7 


34.9 ± 5.0 ± 4.4 






34.9 ± 6.7 




l\ p 


9.2 ± 1.5 


9.6 ± 1.7 ± 1.5 


8.9 ± 1.7 ± 1.2 




9.2 ±1.5 


244 




< 71 


1.2 ± 0.5 ± 0.1 




< 71 


1.2 ± 0.5 


247 


K+TC 
K°K+tt° 


1 on _l_ n 17 
1.36 ± U.z / 


1 si _l_ n A a _l_ n nn 
l.Ol ± U.44 ± 0.U9 


i 99 +0.33+0.13 
-0.28-0.16 


< 3.3 


-, o R +0.29 
±.oO_ 27 


248 


< 24 






< 24 


< 24 


249 


K+K S K S 


11.5 ± 1.3 


10.7 ±1.2 ±1.0 


13.4 ±1.9 ±1.5 




11.5 ± 1.3 


250 


K S K S 7T + 


< 3.2 


< 0.51 


< 3.2 




< 0.51 


251 


K+K-W+ 


5.0 ±0.7 


5.0 ±0.5 ±0.5 


< 13 




5.0 ±0.7 


253 


K*°K+ 


< 1.1 


< 1.1 


0.68 ±0.16 ±0.10 


< 5.3 


0.68 ±0.19 


254 


~Kl(1430)° K+ 
TCt, (Win) K+ 


< 2.2 


< 2.2 






< 2.2 




New 




< 1.1 




< 1.1 


zoo 




< 1.3 


< 0.16 


< 2.4 




< 0.16 


257 


blK+ f 


9.1 ± 2.0 


9.1 ± 1.7 ± 1.0 






9.1 ±2.0 






New 


9.6 ±1.7 ±0.9 






9.6 ±1.9 


259 


K*+tt+K- 


< 11.8 


< 11.8 






< 11.8 


260 


K*+K+ir- 


< 6.1 


< 6.1 






< 6.1 


261 


K+K~K+ 


qo 7 _|_ 9 9 


oo.o zc u.y in j-.u 


Qfifi + 1 9 + 9*3 




^9^ + 1 ^ 
O^.J —C ± . o 


262 


<j)K+ 


8.3 ±0.7 


8.4 ±0.7 ±0.7 


9.60 ± 0.92to° s l 


5.5lj g ±0.6 


7.6 ±1.3 ±0.6 8.30 ±0.65 


264 


a 2 (1320)A"+ f 


< 1.1 




< 1.1 




< 1.1 


267 


0(168O)JC+t 


< 0.8 




< 0.8 




< 0.8 


270 




36 ±5 


36.2 ±3.3 ±3.6 






36.2 ±4.9 


271 


0A*+ 


10.5 ± 1.5 


11.2 ±1.0 ±0.9 


a 7 +2.1+0.7 
D - ' -1.9-1.0 


10fi +6.4+1.8 
lu -°-4.9-1.6 


10.0 ± 1.1 




t/>Ai(1270)+ 


New 


6.1 ±1.6 ±1.1 






6.1 ± 1.9 


272 


</>Ai(i4oo)+ 


< 1100 


< 3.2 






< 3.2 




0A^(143O)+ 


New 


7.0 ±1.3 ±0.9 






7.0 ±1.6 


273 


0A 2 *(143O)+ 


< 3400 


8.4 ±1.8 ±1.0 






8.4 ±2.1 




</>A*(1410)+ 


New 


< 4.3 






< 4.3 




0A 2 (177O)+ 


New 


< 15 






< 15 




4>K 2 (1820)+ 


New 


< 16 






< 16 




^(1680)iC+| 


New 


< 3.4 






< 3.4 




a+A*° 


New 


< 3.3 






< 3.3 


274 


00A+ § 


4-911:1 


7.5 ±1.0 ±0.7 


3.2±°;|? ±0.3 




4.2 ±0.6 


275 


r]'r]'K+ 


< 25 


< 25 






< 25 




K+u><t> 


New 




< 1.9 




< 1.9 




A+A(1812)t 
ft°A* + f 


New 




< 0.32 




< 0.32 




New 


< 6.7 






< 6.7 




6+A*° t 


New 


< 5.9 






< 5.9 



fProduct BF - daughter BF taken to be 100%; §M # < 2.85 GeV/c 2 
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Table 118: Branching Fractions (BF) of charmless mesonic B + decays without kaons (in units 
of 10~ 6 ). Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) 
results since PDG2008 [as of March 12, 2010]. 



RPP# 


Mode 


PDG2008 Avg. 


BABAR 


Belle 


CLEO CDF 


New avg. 


292 


7T + 7T 


5.7 i 0.5 




a K + n A+ 0A 
0.0 It U.4_ g 


, fi +l. 8+0.6 
*- D -1.6-0.7 


°- o9 -0.40 


293 


7r+7T+7r — 


16.2 ± 1.5 


15.2 ± 0.6 ± 1.3 






15.2 ± 1.4 


294 


P °7T + 


8.7 ±1.1 


8.1 ± o.7±i;| 


S-Otf l ±0.7 


10.4±|;| ±2.1 




295 


/o(980)tt+ t 


< 3.0 


< 1.5 






< 1.5 


296 


/ 2 (1270)tt+ 


8.2 ± 2.5 


1.57 ± 0.42t» j5 






i c: 7 +0.69 
± -°'-0.49 


297 


p(1450)°7r+ f 


< 2.3 


1.4±0.4+°;g 






1 4+0-6 


298 


/o(1370)tt+ f 


< 3.0 


< 4.0 






< 4.0 


300 


W + TT-TT+(NR) 


< 4.6 


5.3±0.7±Jj 






5.3±i : ; 


302 


p+n° 


10.9 ± 1.4 


10.2 ± 1.4 ±0.9 


13.2 ± 2.3^ 9 


< 43 


10.9+H 


304 


P + P° 


18 ±4 


23.7 ± 1.4 ± 1.4 


31.7±7.li|; 7 




24.0tig 


305 


/o(980)p+ f 


< 1.9 


< 2.0 






< 2.0 


306 


a+7T° 


26 ± 7 


26.4 ±5.4 ±4.1 






26.4 ±6.8 


307 


20 ±6 


20.4 ±4.7 ±3.4 






20.4 ±5.8 


308 


6?rr+ t 


6.7 ±2.0 


6.7 ±1.7 ±1.0 






6.7±2.0 




6+7T° f 


New 


< 3.3 






< 3.3 


309 


LJ7T+ 


6.9 ±0.5 


6.7 ±0.5 ±0.4 


6.9 ±0.6 ±0.5 


11.3±|;f ± 1.4 


6.9 ±0.5 


310 


U)p± 


io.6±i-.i 


15.9 ± 1.6 ± 1.4 




< 61 


15.9 ± 2.1 


311 


rpr+ 


4.4 ±0.4 


4.00 ± 0.40 ± 0.24 


4.2 ±0.4 ±0.2 


i n+2.8 
L - z -1.2 


4.07 ±0.32 


312 




2.7 ± 1.0 


3.5 ±0.6 ±0.2 


l-8la6±0.1 


1 o+ 5 - 8 

1 - u -1.0 


9 7+O.5 
z -' -OA 


313 


n' P + 


o 7 +3.9 


o 7 +3. 1+2.3 
°- ' -2.8-1.3 


< 5.8 




a 1+3.7 
M - i -2.8 


314 


VP + 


5.4 ± 1.9 


9.9 ±1.2 ±0.8 


4.llJ'j±0.4 




6.9 + 1.0 


315 


07T+ 


< 0.24 


< 0.24 


< 5 


< 0.24 


316 


<t> P + 


< 16 


< 3.0 




< 16 


< 3.0 


317 


ao(980)°7r+ f 


< 5.8 


< 5.8 






< 5.8 


318 


a (980)+Tr° f 


< 1.4 


< 1.4 






< 1.4 






New 


< 3.3 






< 3.3 






New 


< 5.2 






< 5.2 



fProduct BF - daughter BF taken to be 100%; 
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Table 119: Branching fractions of charmless mesonic B° decays with kaons (in units of 10 6 ). 
Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) results since 
PDG2008 [as of March 12, 2010]. 



RPP# 


Mode 


FUG2008 Avg. 


BABAH 


Belle 


CLEO 


CDF 


New avg. 


198 


K + 1T~ 


19.5 ± 0.6 


19.1 ± 0.6 ± 0.6 


19.9 ± 0.4 ± 0.8 


-, ^ ^+2 3+1 2 
18.0+^1^ 




19.4 ± 0.6 


199 


K°ir° 


9.8 ± 0.6 


10.1 ± 0.6 ± 0.4 


8.7 ± 0.5 ± 0.6 


lz -°-3.3-1.4 




9.5 ± 0.5 


200 


Tj K 


65 ± 4 


68.5 ± 2.2 ± 3.1 


58.9±3 g ± 4.3 


891"^ ± 9 




66.1 ± 3.1 


201 


7} K 


3.8 ±1.2 


00111 I n cr 

3.8 ± 1.1 ± 0.5 


< 2.6 


7 o+7.7 




3.8 ± 1.2 


202 


r]K° 


< 1.9 


1.15t°;3g ± 0.09 


1.1 ± 0.4 ± 0.1 


o^°- u 




-0.28 


203 




15.9 ± 1.0 


16.5 ± 1.1 ±0.8 


15.2 ±1.2 ±1.0 


13.814 g ± i- 6 




15.9 ±1.0 


204 


»)K ( , (1430)" 


11.0 ± 2.2 


9.6 ± 1.4 ± 1.3 








9.6 ± 1.9 


205 


j/if J(1430)° 


9.6 ± 2.1 


9.6 ± 1.8 ± 1.1 








9.6 ± 2.1 


206 




5.0 ± 0.6 


5.4 ± 0.8 ± 0.3 


4.4ljj; 7 ± 0.4 


lO.OI^j ± 1.4 




5.0 ± 0.6 


207 


ao(980) K f 


< 7.8 


< 7.8 




< 7.8 




t ISO 4- 


New 


< 7.8 








< 7.8 


208 


Oo(980) K + f 


< 1.9 


< 1.9 








< 1.9 


245 


b~K+ f 


7.4 ± 1.4 


7.4 ± 1.0 ± 1.0 








7.4 ± 1.4 


209 


ao(1450) iv f 


< 3.1 


< 3.1 








< 3.1 




(.iK+tt^ ( N R, 1 

Uy XV 7V \l\lXJ 


New 




e; 1 + 07 + 07 






0.1 m j-.u 


211 


ujK*° 


< 4.2 


22+06+02 


1 q + 7+0-3 


< 23 




2.0 ± 0.5 




uiK'i ( 1430 ~l° 




16 0+1 6 + 30 






16.0 ± 3.4 




ljKJ(1430)° 


New 


10.1 ±2.0 ±1.1 








10.1 ±2.3 


212 


K+R- 


< 0.41 


0.04 ± 0.15 ± 0.08 


0.091q -\l ± 0.01 


< 0.8 


0.39 ± 0.16 ± 0.12 % 


0.15+0" 

— 0.1U 






0.96_ lg 


1 no _L n oq x n 11 
l.Uo ± D.Zo ± U.ll 


n 07 + 0.25 [ r, fi(i 

U.o ' _q 20 U.Uy 


< O.O 




n q k + 0.21 

0.96_ 19 






K 9+1-2 


p. n+0.9 i r> n 

o.y_Q g ± u.o 


a 0+I-6 in 
4.2_^ 3 It U.o 






O.Z ± u.y 


215 


K S K S K L 


< 16 


< 16 2 








< 16 2 


216 


K+tt-tv 


37 ±5 


35. 7 +2 J ±2.2 


36.6143 ± 3 -° 


< 40 




35.9+ 2 i 


217 


p-K+ 


8.5 ±2.8 


8.0±5'| ± 0.6 


u 1+3.4+2.4 
io ' 1 -3.3-2.6 


16±| ± 3 




8.6tH 


218 


K + TT~TV°{NR) 


< 9.4 


4.4 ±0.9 ±0.5 


< 9.4 






4.4+1.0 




p(U50)~K+ 


New 


< 2.1 








< 2.1 




p(noo)-K+ 


New 


< 1.1 








< 1.1 




K" *(1430)°7r° 


New 


„ 7 +1.4+4.0 3 
LL ->— 1.3-3.6 












A- 2 *(1430)°7r° 


New 


< 4.0 








< 4.0 




Ar*(1680)°7r° 


New 


< 7.5 




50± J° ± 7 




< 7.5 


220 




44.8 ± 2.6 


50.2 ±1.5 ±1.8 


47.5 ±2.4 ±3.7 




49.6 ±2.0 


221 


K°TT + TT-(NR) 


19.9 ±3.2 


11. it" ±0.9 


19.9 ±2.5^2:0 




14.7 ±2.0 


222 


p°K° 


5.9 ±0.9 


4.4 ±0.7 ±0.3 


6.1 ± 1.0±\ : l 


< 39 




4.7 ±0.7 


224 


K* + TT~ 


9.8 ± 1.3 


8.3±g | ± 0.8 


8.4±l.l±J;'g 


16±| ± 2 




8.6 ±0.9 


225 




50^ 


29.9li' 7 ±3.6 


49.7±3.8lg;2 






0, c+3.9 
°°- J -3.8 


227 


_fsT*(1410)+7r- f 


< 86 




< 86 






< 86 


228 


if*(1680)+7r- 


< 10.1 


< 25 


< 10.1 






< 10.1 


230 


/o(980)A: t 


76 +i.9 


6.9 ±0.8 ±0.6 


7.6±1.7±;;! 






7.0 ±0.9 


231 


j '2 (1270)° K° 


< 2.5 


2.7±o g ± 0.9 


< 2.5f 






9 7+1.3 

z -'-1.2 



fProduct BF - daughter BF taken to be 100%, |Relative BF converted to absolute BF 1 0.755 < 
M(Kn) < 1.250 GeV/c 2 . Excludes M{K S K S ) regions [3.400,3.429] and [3.540,3.585] and 
M(K S K L ) < 1.049 GeV/c 2 includes Kn S-wave contribution and uncorrected for K*(1430) 
BF 



174 



Table 120: Branching fractions of charmless mesonic B° decays with kaons - part 2 (in units 
of 10~ 6 ). Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) 
results since PDG2008 [as of March 12, 2010]. 



RPP# 


Mode 


PDG2008 Avg. 


BABAR 


Belle 


CLEO 


CDF New avg. 


232 


K* tt 


< 3.5 


36+07+04 


n 4+J--9 + n 1 


n n +1.3+0.b 
u ' u -0. 0-0.0 


2.4 ± 0.7 


Oil 
ZOO 


If* i -l /)QfA+ TT — 

-TV 2 v^^-Jw ) n 


D.O 


<_ lO.Z 


<> D.O 




<^ o.o 




Kl(1270) + 7r _ 


New 


17+?, 






17+f, 
^ ' -li 




w , f~i /inrA + .^ — 

I\ \ ^1+UU ) 7T 


New 


17 -9 






17 +7 


234 


K°K-tt+ 


< 18 


6.4 ±1.4 ±0.6 


< 18 


< 21 


6.4± 1.5 


235 


K*°K° 


< 1.9 


< 1.9 






< 1.9 


236 


K+K-tt 


< 19 






< 19 


< 19 




K s K s n° 


New 


< 1.2 






< 1.2 




KsKgr] 


New 


< 1.0 






< 1.0 


_ 


K s K s rj' 


New 


< 2.0 






< 2.0 


237 


K+K~K° 


24.7 ±2.3 


23.8 ±2.0 ±1.6 


28.3 ±3.3 ±4.0 




24.7 ± 2.3 


238 


<f>K° 


8.6+11 
— l.i 


8.4+H ± 0.5 

— 1.6 


9.0+ 2 / 2 . ± °- 7 


5.4+^ + 0.7 

— 2.7 


8.3+V 2 

— 1.0 


239 




< 230 




< 2.1 J 




< 2.1 


240 


K*°7T+7V~ 


54 ± 5 


54 5 + 2 9 4- 4 3 

1 ^ . J _1_ £j . _1_ ^ . • > 


. c + l.l+0.9 1 
^■ J -1.0-1.6 




8.0 ± 1.4 


241 


IX p 


5.6 ± 1.6 


0.6 ± 0.9 ± 1.3 


9 ,+0.8+0.9 
^^-O.T-O.S 


< 34 


3.4 ±1.0 


242 


£ f c\or\\ T, r * x 

/o(980)K u f 


< 4.3 


< 4.3 


< 2.2 




< 2.2 


244 




16 ± 4 


16.3 ± 2.9 ± 2.3 






16.3 ± 3.7 


246 


K U K + K 


27.5 ± 2.6 


27.5 ± 1.3 ± 2.2 






27.5 ± 2.6 


247 


<pK*° 


9.5 ± 0.8 


9.7 ± 0.5 ± 0.6 


. „ „ + l 6+0 7 
lu - u -1.5-0.8 


, „ _4-4 5-t-l 8 
1J -°-3.7-1.7 


9.8±0.7 


248 


K*°tt+K- 


4.6 ± 1.4 


4.6 ±1.1 ±0.8 


< 31.8 




4.6 ± 1.4 


249 


K*°K*° 


i qo+0.37 
i - z °-0.32 


1.28tg;ig ± 0.11 


n 9fi +0.33+0.10 
u - ZD -0.29-0.08 


< 22 


0.81 ±0.23 


— 


K*(1430)°i?o(1430)° 


New 




< 8.4 




< 8.4 




Kq(1430)°~K*° 


New 




< 3.3 




< 3.3 


— 


K*(1430) tt+K~ 


New 




< 31.8 




< 31.8 


- 


K + 7T-TT+K- 


New 




< 72 




< 72 


250 


K*°K+ir- 


< 2.2 


< 2.2 


< 7.6 




< 2.2 


251 




< 0.41 


< 0.41 


< 0.2 


< 37 


< 0.2 




K*(1430)°.fq(1430) 


New 




< 4.7 




< 4.7 




if* (1430)° if* 


New 




< 1.7 




< 1.7 




K + 1T-K + 1T- 


New 




< 6.0 




< 6.0 


252 


K*+p- 


< 12 


< 12 






< 12 


253 


K*+K*~ 


< 141 


< 2.0 




< 141 


< 2.0 


258 


^(1430)° 


4.6 ±0.9 


3.9 ±0.5 ±0.5 






3.9 ±0.7 


259 


0-fC*(168O)° 


< 3.5 


< 3.5 






< 3.5 


260 


4>K* (1780)° 


< 2.7 


< 2.7 






< 2.7 


261 


0K|(2O45)° 


< 15.3 


< 15.3 






< 15.3 


263 


0X 2 *(143O)° 


7.8 ± 1.3 


7.5 ±0.9 ±0.5 






7.5 ± 1.0 


264 


4><t>K° § 


i-ltl'l ±0.4 


4.1±J;4 ± 0.4 


2.3±o;7 ± 0.2 




9 O+0.9 


266 


rj'rj'K 


< 31 


< 31 






< 31 




p°K+n- 


New 




2.8 ±0.5 ±0.5 2 




2.8 ±0.7 




f {980)K+7T- 


New 




1.4±0.4±°-j 2 




1 4+0-5 




b7K* + f 


New 


< 5.0 






< 5.0 




&?if*° f 


New 


< 8.0 






< 8.0 



fProduct BF - daughter BF taken to be 100%, §M^ < 2.85 GeV/c 2 +0.55 < M(7T7r) < 1.42 
GeV/c 2 and 0.75 < M{Ktx) < 1.20 GeV/c 2 ; ^.55 < M(7T7r) < 1.42 GeV/c 2 ; 2 0.75 < M(Kir) < 
1.20 GeV/c 2 
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Table 121: Branching fractions of charmless mesonic B° decays without kaons (in units of 
10~ 6 ). Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) 
results since PDG2008 [as of March 12, 2010]. 



RPP# 


Mode 


PDG2008 Avg. 


BABAR 


Belle 


CLEO 


CDF 


New avg. 


284 


7r"*"7r — 


5.13 ±0.24 


5.5 ±0.4 ±0.3 


5.1 ±0.2 ±0.2 


. +1.4+0.b 
^• J -1.2-0.4 


5.10 ±0.33 ±0.36 % 


5.16 ± 0.22 


285 


7r°7r° 


1.62 ±0.31 


1.83 ±0.21 ±0.13 


1.1 ±0.3 ±0.1 


< 4.4 




1.55 ± 0.19 


286 


V n° 


< 1.3 


< 1.5 


< 2.5 


< 2.9 




< 1.5 


287 


>m 


< 1.8 


< 1.0 


< 2.0 


< 18 




< 1.0 


288 


tj'tt 


1 5+ 10 
—0.8 


0.9 ±0.4 ±0.1 


2.8 ±1.0 ±0.3 






1.2 ± 0.4 


289 


v'v' 


< 2.4 


< 1.7 


< 6.5 


< 47 




< 1.7 


290 


/;'/; 


< 1.7 


< 1.2 


< 4.5 


< 27 




< 1.2 


291 


v'p° 


< 1.3 


< 3.7 


< 1.3 


< 12 




< 1.3 


292 


/ (980)r/ f 


< 1.5 


< 1.5 








< 1.5 


293 


VP° 


< 1.5 


< 1.5 


< 1.9 


< 10 




< 1.5 


294 


/o(980)77 f 


< 1.6 


< 0.4 








< 0.4 


295 


lot/ 


< 1.9 


< 1.4 




< 12 




< 1.4 


296 


LOT)' 


< 2.8 


< 1.8 


< 2.2 


< 60 




< 1.8 


297 




< 1.5 


< 1.6 




< 11 




< 1.6 


298 


/ (980)oj f 


< 1.5 


< 1.5 








< 1.5 


299 




< 4.0 


< 4.0 




< 19 




< 4.0 


300 


i o 


< 0.28 


< 0.28 




< 5 




< 0.28 


301 


011 


< 0.6 


< 0.5 




< 9 




< 0.5 


302 


i „/ 

(PI/ 


< 0.5 


< 1.1 


< 0.5 


< 31 




< 0.5 


303 


A. J) 


< 13 


< 0.33 




< 13 




< 0.33 






New 


< U.oo 








<. U.oo 


OU4 


UJ<j> 


in 

< l.Z 


in 




91 

< zl 




^ 1 9 

< l.z 


oUO 


<P<P 


< 1.0 


^ n 9 




/ in 
< 1Z 




*+ U.z 


306 




< 3.1 


< 3.1 








< 3.1 


OU i 






9 'X 
z.o 




1 r±^ - ^ 4- n & 




S 9 'X 


ouy 


P ~ 


i r -t- n ^ 
i .o in u.o 


i A 4- n f, 4- n ^ 

L.*t ZH U.U ZH U.O 


^n^n n + n7 
o.u m u.o m u. / 




z.u ic u.o 


310 




no q _i_ o c: 


nn £• I i q 1 o n 

zz.D ± 1.8 ± z.z 


on a _i_ 1 i _l i a 
Zz.o ± 1.1 ± 4.4 


2/.6_ 7 4 ± 4. J 




nn n _L n Q 

23.0 ± 2.3 


311 


_4-„. — _4-_ — 

7T^ 7T TV 1 TV 


< 230 


< 21.1 


< 19.3 






< 19.3 


312 


„0 „0 
p p 


1.1 ± 0.4 


c\ no I n I n 1 1 

0.92 ± 0.32 ± 0.14 


/ i t 1 r\ a + . 2 

0.4±0.4_ . 3 


< 18 




n -n+0.27 
u - ''-'-0.28 




p°TT + TT'(NR) 


New 


< 8.7 


< 12 






< 8.7 




fo(980)TT+Tr-(NR) 


New 




< 3.8 






< 3.8 


313 


/o(980)p° f 


< 0.53 


< 0.34 


< 0.3 






< 0.3 


314 


/o(980)/ (980) f 


< 0.16 


< 0.16 


< 0.1 






< 0.1 


315 




33 ±5 


33.2 ±3.8 ±3.0 


29.8 ±3.2 ±4.6 






31.7 ±3.7 


316 


6f7r± t 


10.9 ± 1.5 


10.9 ± 1.2 ±0.9 








10.9 ± 1.5 


319 


p+p" 


24.2 ±3.1 


25.5 ± 2.1±|;| 


22.8 ± 3.8±2:g 






24.2±|; 1 2 


321 


ujtt" 


< 1.2 


< 0.5 


< 2.0 


< 5.5 




< 0.5 


323 


a±pT 


< 61 


< 61 








< 61 






New 


< 1.9 








< 1.9 


326 




< 2800 


47.3 ±10.5 ±6.3 








47.3 ± 12.2 




bfp* t 


New 


< 1.4 








< 1.4 




6«p0 t 


New 


< 3.4 








< 3.4 



fProduct BF - daughter BF taken to be 100%, ^Relative BF converted to absolute BF 



Table 122: Relative branching fractions of B° — > K + K , i^ + 7r , 7r + 7r . Values in red (blue) 
are new published (preliminary) result since PDG2008 [as of March 15, 2007]. 



RPP# 




Mode 




PDG2008 Avg. 


CDF D0 


New avg. 


179 
229 


B(B° - 
B(B° - 


> K+K-)/B{B° - 

^7T+TT-)/B(B° - 


K+TT-) 
> K+7T-) 




0.020 ± 0.008 ± 0.006 
0.259 ±0.017 ±0.016 


0.020 ± 0.010 
0.259 ± 0.023 
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7.2 Radiative and leptonic decays 



Table 123: Branching fractions of semileptonic and radiative B + decays (in units of 10 6 ). 
Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) results since 
PDG2008 [as of March 12, 2010]. 



RPP# 


Mode 




DARAD 
1 j . \ 1 > A 1 1 


loene v 1 I A / 




New Avg. 


276 


K*+-y 


<iu.o it z.o 


A9 9-1-1 A 4- 1 R 
<±Z.Z It L.<± It 1.0 


AO o 4- *3 1 4-94 ^7 4- 9 Q 




A9 14-18 
<±L .1 It 1 .0 


277 


K+ (1270)7 


43 ± 13 




43 ± 9 ± 9 




43 ± 12 


278 




9.4 ± 1.1 


7.7 ± 1.0 ± 0.4 


8.4tj;;2 ± 0.9 




7.9 ± 0.9 


279 




< 4.2 


l.9±\'l ± 0.1 


3.6 ± 1.2 ±0.4 




9 q+ 10 


280 




3.5 ±0.6 


3.5 ±0.6 ±0.4 


2.34 ±0.29 ±0.23 




2.58 ±0.33 


281 




27.6 ± 2.2 


29.5 ±1.3 ±2.0 f 


25.0 ± 1.8 ±2.2 f 




27.6 ± 1.8 


282 


isT*°7r+7 § 


20t D 




20lg ± 2 




20l D 


283 


^ + P°7 § 


< 20 




< 20 




< 20 


284 ii"+7r-7r+7 (N.R.) § 


< 9.2 




< 9.2 




< 9.2 


285 


X 7T + 7r°7 


46 ± 5 


45.6 ± 4.2 ± 3.1 j 






45.6 ± 5.2 


286 


K+ (1400)7 


< 15 




< 15 




< 15 


287 


isT*(1430)+7 


1 A -X- A 
14 it 4 


14. It 4.U It 1.0 






14.0 it 4.o 


289 


*T|(1780)+ 7 


< 39 




< 39 




< 39 


291 


P + 7 


0.98_ 24 


1.ZU_q 37 it U.zU 


n o 7 +0.29+0.09 , io 
U.«C_ .27_o.ll < !3 




0.98_ 24 


338 




9 c+0.5 




9 4c:+ - 44 4- n 22 




2 4^+ - 49 




pZj 7 


< 4.6 




< 4.6 




< 4.6 


QR7 


_+ /?— 

7T C C 


< 0.12 


< 0.12 


< 0.049 




< 0.049 


oOo 


TT^C 6 


< 0.18 


< 0.18 


< 0.080 




< 0.080 


oDy 


7T^~ fj, 


< 0.28 


< 0.28 


< 0.069 




< 0.069 


Q7n 
of U 


7V~ >r W 


< 100 


< 100 


< 170 




< 100 


Q71 
O f 1 




U-**_o.07 


0.48 ± 0.09 ± 0.02 


_i_n nfi 

°- 53 -o:o5 ± °- 03 




0.51 ±0.05 


372 


K+e+e- 


0.49 ±0.1 


0.51^;^ ±0.02 


0.57lg;^ ±0.03 < 2.4 




0.55 ±0.07 


Ota 


K+p+p- 


U.O»_Q Q 9 


0.41 j^!? ± 0.02 


0.53 ± 0.08tp o3 < 3.68 


0.38 ± 0.05 ± 0.03 


0.43 ± 0.05 


374 


K+vV 


< 14 


< 45 


< 14 < 240 




< 14 


375 


p^vv 


< 150 




< 150 




< 150 


376 


K*+e+e- 


0.7 ±0.5 


1.40+S12 ± 0.09 

— U.o 1 


1. 24to|? ±0.13 




i.29tg;2? 


377 


K*+uV 


< 140 


< 80 


< 140 




< 80 


378 


K*+e+e- 


0.8 ± 0.8 


1.38+Q 42 ± 0.08 


1.73 + q'42 ± 0.20 




-i n c+0.35 
± - °°— 0.32 


379 


K*+p+p~ 


n s+°- 6 

U.8_ 04 


1 a(\~\~®-7® 4- n 1 9 
1 - 4b -0.75 ± U - 12 


111 +0-32 I nin 
I.II q 27 it U.1U 




l.lb_ 27 


382 




< U.l / 


< U. 1 f 






x n i7 
< U.l ( 


383 


K+e+fi- 


< 0.091 


< 0.09 






< 0.09 


384 


K+e~p+ 


< 0.13 


< 0.13 






< 0.13 


386 




< 77 


< 77 






< 77 


389 


K*+e ± p^ 


< 1.4 


< 1.4 






< 1.4 


390 


ir~ e + e + 


< 1.6 




< 1.6 




< 1.6 


391 


TT~ p + p + 


< 1.4 




< 1.4 




< 1.4 


392 


7T — e + fi+ 


< 1.3 




< 1.3 




< 1.3 


393 


p~ e + e + 


< 2.6 




< 2.6 




< 2.6 


394 


p~p+p+ 


< 5.0 




< 5.0 




< 5.0 


395 


p~ e + p + 


< 3.3 




< 3.3 




< 3.3 


396 


_fs:-e+e+ 


< 1.0 




< 1.0 




< 1.0 


397 




< 1.8 




< 1.8 




< 1.8 


398 




< 2.0 




< 2.0 




< 2.0 


399 


_R"*-e+e+ 


< 2.8 




< 2.8 




< 2.8 


400 




< 8.3 




< 8.3 




< 8.3 


401 




< 4.4 




< 4.4 




< 4.4 


\Mk-k-k 


< 1.8 GeV/c 2 ; f 1.0 < M Kw7T < 2.0 GeV/c 2 ; 


§ M KvK < 2.4 GeV/c 2 
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Table 124: Branching fractions of semileptonic and radiative B° decays (in units of 10 6 ). 
Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) results since 
PDG2008 [as of March 12, 2010]. 



RPP# 


Mode 


PDG2008 Avg. 


BABAR 


Belle 


CLEO 


CDF 


New Avg. 


266 




40.1 ± 2.0 


44.7 ± 1.0 ± 1.6 


40.1 ± 2.1 ± 1.7 


45. 5 + g g ± 3.4 




43.3 ± 1.5 


9fi7 
ZD 1 




1 n 7+2.2 
iU -'-1.5 


7 1 +2-1 _i_ n a 


+3.1+1.9 
°- ' -2.7-1.6 






7 fi+ 18 

'•0-1.7 


268 


K°n'-y 


< 6.6 


< 6.6 


< 6.4 






< 6.4 


269 


K°<frf 


< 2.7 


< 2.7 


2.66 ±0.60 ±0.32 






2.66 ± 0.68 


270 


T\ 1 -TT 'V 8 
I O 


4.6 ± 1.4 




^• u — 1.2-0.7 






4.6 ± 1.4 


271 


K"Vl41(fi°*v 


< 130 




< 130 






< 130 


272 


_fV /I J \l\.IX.J 


< 2.6 




< 2.6 






< 2.6 


273 




19.5 ± 2.2 


181 + 21+12 + 

_LO.iJ _1_ . -L _1_ -L . | 


24 + 4 + 3 j 






19.5 ± 2.2 


274 




41 ± 4 










/in 7 4- ^ Si 


275 


K° (1270)7 


< 58 




< 58 






< 58 


276 


K? (1400)7 


< 12 




< 12 






< 12 


277 


X|(1430)°7 


12.4 ± 2.4 


12.2 ± 2.5 ± 1.0 


13 ± 5 ± 1 






12.4 ± 2.4 


279 


X|(1780)°7 


< 83 




< 83 






< 83 


281 


P°7 


0.93 ±0.21 


°- 97 ±a22 ± °- 06 


n 7Q+0.17+0.09 
u - '°— 0.16— 0.10 


< 17 




0-86±°*« 


282 


0)7 


0.46l°;f 7 


0.50l°'23 ± °- 09 


0.40l° ±0.13 


< 9.2 






283 


c/>7 


< 0.85 


< 0.85 




< 3.3 




< 0.85 


372 




< 0.12 


< 0.12 


< 0.154 






< 0.12 


373 




< 220 




< 220 






< 220 


374 


7r°e+e- 


< 0.14 


< 0.14 


< 0.227 






< 0.14 


375 




< 0.51 


< 0.51 


< 0.184 






< 0.184 


376 






0.21±g;i| ± 0.02 


0.341°;°° ± 0.02 






n cm +0.08 
u -' r)1 -0.07 


377 




< 160 




< 160 






< 160 


378 


p°j^F 


< 440 




< 440 






< 440 


379 


K°e+e- 


13+ 016 


0.08to;i2 ± 0.01 


0.20+°]^ ± 0.01 


< 8.45 




16+ 010 


380 




17+ - 22 
u - ' -0.18 


0.49l°'25 ± 0.03 


0.441°, -\l ± 0.03 


< 6.64 




o.45l°;" 


381 


K*°e+e- 


0.95 ±0.18 


lm -o.2i ± °- 07 


0.97l°," ± 0.07 






0.991°;" 


382 


K*°e+e- 


i - U4 -0.31 


°- 86 ±0.24 ± °' 05 


1.18i°;g±0.09 






1 03+°- 19 
J - Ua -0.17 


383 




1 10+ 029 
1 - iu -0.26 


1.351°^°, ±0.10 


1.061°,^ ±0.07 




1.06 ±0.14 ±0.09 


1 09+ 012 

1.U9_q ii 


384 


K*°uu 


< 340 


< 120 


< 340 






< 120 


385 


rpi/V 


< 58 




< 58 






< 58 


387 




< 0.14 


< 0.14 








< 0.14 


388 




< 0.27 


< 0.27 








< 0.27 


391 


K*°e ± ^ ± 


< 3.4 


< 0.58 








< 0.58 



\M K ^ < 1.8 GeV/c 2 ; f 1.0 < M Kn7T < 2.0 GeV/c 2 ; § 1.25 GeV/c 2 < M K7T < 1.6 GeV/c 2 
7.3 B X s 7 

The decay b — > 57 proceeds through a process of flavor changing neutral current. Since the 
charged Higgs or SUSY particles may contribute in the penguin loop, the branching fraction 
is sensitive to physics beyond the Standard Model. Experimentally, the branching fraction is 
measured using either a semi-inclusive or an inclusive approach. A minimum photon energy 
requirement is applied in the analysis and the branching fraction is corrected based on the 
theoretical model for the photon energy spectrum (shape function). Where there are multiple 
experimental results from an experiment, we use only the ones that are independent for BABAR 
and Belle to avoid dealing with correlated errors. Furthermore, the model uncertainties from 
the shape function should be highly correlated but no proper action was made in our older 
averages. To perform the average with better precision and good accuracy, it is important to 
use as many experimental results as possible and to handle the shape function issue in a proper 
way. In this note, we report the updated average of b — > 37 branching fraction by implementing 
a common shape function. 

Several shape function schemes are commonly used. Usually one is chosen to obtain the 
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Table 125: Branching fractions of semileptonic and radiative B decays (in units of 10 6 ). 
Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) results since 
PDG2008 [as of March 12, 2010]. 



RPP# 


Mode 


PDG2008 Avg. 


BABAR 


Belle 


CLEO 


New Avg. 


63 


Krj-y 


8 5+ 1 - 6 
°-°-l.S 




a c + 1-3 _i_ n n 




8 5 +1 ' B 


65 


if£ (1430Vy 


' -0.5 






1.7 ± 0.6 ± 0.1 


1.7 ± 0.6 


73 


KZ('\ 780 W 

3 * J ' 


< 37 


327 ± 18l4j 


< 2.8 


321 ± 43^29 


< 2.8 


74 


57 


356 ± 25 


345 ± 15 ± 40 


355 ± 24 ± 9 




S7 with baryons 


New 






< 38 f 


< 38 f 


— 


d'y 


New 


14 ± 5 ± 4 






14 ±6 


78 


fry 


1.36 ±0.30 


1.73l°;f^ ±0.17 


1.2lt°-j* ±0.12 


< 14 


1 39+ ' 22 
—0 21 


79 


p/uj'y 


1.28 ± 0.21 


1.63tQ2g ± °- 16 


1.14±0.20 + n 1°, 
_i_ u.uu — 0.12 


< 14 


i.30+° : ;* 

^ vy — 0.19 


109 




4.7 ± 1.3 


6 + 1 7 + 1 3 


4 56 + 1 15+ - 33 

4 ' JU - L,J - U — 0.40 


< 57 


-1.06 


110 


„,.+ ,,— 


4.3 ±1.2 


5.0 ± 2.8 ± 1.2 


1.91±1.02_ 018 


< 58 


O o+0.97 
Z - ZO -0.98 


111 


sf T £ | 


4.5 ± 1.0 


o.o ± l.o ± 1.3 


q qq _l_ n on+0-19 
o.oo ± 0.oO_Q 24 


< 42 


3.66_ 77 


112 


nl+l- 


< 0.091 


< 0.091 


< 0.062 




< 0.062 


113 


Ke+e~ 


0.38_o. 07 


0.39t°,;°| ± 0.02 


0A8±g°* ± 0.03 




0.44 ±0.06 


114 


K*e+e~ 


1.13 ±0.27 


-"to.2i ± °- 06 


1.39lo 2Q ±0.12 




1 1Q+0-1V 

^J^-o.ie 


115 




n 42 +0.09 


0.41±g-^| ±0.02 


0.50 ±0.06 ±0.03 




0.48 ± 0.06 


116 




i n3 +0 - 26 

l.UO_ 23 


1.35±°;i|±0.10 


1.10±g;^ ±0.08 




i ic+0.16 
1 - io -0.15 


117 


Kf+£- 


0.39 ± 0.07 


0.39 ±0.07 ±0.02 


0.48tp g4 ± 0.03 


< 1.7 


0.45 ± 0.04 


118 


K*e+e~ 


0.94 ±0.18 


1. lllo.ll ±0.07 


1.07±3;iJ ±0.09 


< 3.3 






K*vV 


New 


< 80 






< 80 


120 




< 0.092 


< 0.092 




< 1.6 


< 0.092 


121 




< 3.2 






< 3.2 


< 3.2 


122 




< 0.038 


< 0.038 




< 1.6 


< 0.038 


123 




< 0.51 


< 0.51 




< 6.2 


< 0.51 



t-E 7 > 2.0 GeV; \M(l+l~) > 0.2 GeV/c 2 

Table 126: Branching fractions of inclusive B decays (in units of 10~ 6 ). Values in red (blue) 
are new published (preliminary) results since PDG2008 [as of March 12, 2010]. 



RPP# Mode 


PDG2008 Avg. 


BABAR 


Belle 


CLEO 


New Avg. 


K+X 
K°X 

- srj 

— ST)' 


New 
New 
New 
New 


iq fi +37+31| 
J-yU-34-30 1 
i c/1 +55+55.1- 
1 J/± -48-41 1 

390 ± 80 ± 90J 


255 zt 27 ^42 § 


< 440 
460 ± 110±60t 


196+2* 
154l| 
255_]^4 
423 ± 86 



f p* > 2.34 GeV; § 0.4 < M Xs < 2.6 GeV; J 2.0 < p* < 2.7 GeV 



extrapolation factor, defined as the ratio of the 6—7-57 branching fractions with minimum 
photon energies above and at 1.6 GeV, and the difference between various schemes are treated 
as the model uncertainty. O. Buchmiiller and H. Flacher have calculated the extrapolation 
factors [414]. Table 11281 lists the extrapolation factors with various photon energy cuts for 
three different schemes and the average. The appropriate approach to average the experimental 
results is to first convert them according to the average extrapolation factors and then perform 
the average, assuming that the errors of the extrapolation factors are 100% correlated. 

After surveying all available experimental results, the six shown in Table 11291 are selected 
for the average. They have provided in their papers either the b — > sj branching fraction at a 
certain photon energy cut or the extrapolation factor used. Therefore we are able to convert 
them to the values at E min = 1.6 GeV using the information in Table [T2"51 In the inclusive and 
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Table 127: Branching fractions of leptonic B decays (in units of 10 6 ). Upper limits are at 
90% CL. Values in red (blue) are new published (preliminary) results since PDG2008 [as of 
March 12, 2010]. 



RPP# 


Mode 


PDG2008 Avg. 


BABAR 


Belle 


CLEO 


CDF D0 


New Avg. 


24 


e + v 


< 9.8 


< 1.9 


< 1.0 


< 15 




< 1.0 


25 


fi + V 


< 1.7 


< 1.0 


< 1.7 


< 21 




< 1.0 


26 


T + V 


140 ± 40 


170 ± 60 


ice: +38+35 
iuJ -37-37 


< 840 




167 ±39 


27 




< 200 


< 17 




< 200 




< 17 


28 




< 52 


< 26 




< 52 




< 26 


— 




New 


< 15.6 








< 15.6 


366 


77 


< 0.62 


< 1.7 


< 0.62 






< 0.62 


367 


e + e~ 


< 0.113 


< 0.113 


< 0.19 


< 0.83 


< 0.083 


< 0.083 


368 


e + e~7 


< 0.12 


< 0.12 








< 0.12 


369 




< 0.015 


< 0.052 


< 0.16 


< 0.61 


< 0.0060 


< 0.0060 


370 




< 0.16 


< 0.16 








< 0.16 


371 


T + T - 


< 4100 


< 4100 








< 4100 


386 




< 0.092 


< 0.092 


< 0.17 


< 1.5 


< 0.064 


< 0.064 


392 




< 110 


< 28 




< 110 




< 28 


393 




< 38 


< 22 




< 38 




< 22 


394 


VV 


< 220 


< 220 








< 220 


395 


vV^f 


< 47 


< 47 








< 47 



Table 128: Extrapolation factor in various scheme with various minimum photon energy re- 
quirement (in GeV). 



Scheme 


E 1 < 1.7 


E 1 < 1.8 


£ 7 < 1.9 


E 1 < 2.0 


E 1 < 2.242 


Kinetic 
Neubert SF 
Kagan-Neubert 


0.986 ±0.001 
0.982 ±0.002 
0.988 ± 0.002 


0.968 ± 0.002 
0.962 ± 0.004 
0.970 ±0.005 


0.939 ± 0.005 
0.930 ±0.008 
0.940 ± 0.009 


0.903 ± 0.009 
0.888 ±0.014 
0.892 ±0.014 


0.656 ±0.031 
0.665 ±0.035 
0.643 ± 0.033 


Average 


0.985 ±0.004 


0.967 ±0.006 


0.936 ±0.010 


0.894 ±0.016 


0.655 ±0.037 



full hadronic tag analysis, a possible B — > X^ contamination has been considered according 
to the expectation of (4.5 ± 0.3)%. The central value is slightly higher than 4.0% used in 
our 2006 average, and the uncertainty shrinks by a factor of five, due to better understanding 
of |Vtd/Vt s | from the B s -B s mixing and B — > p/u 7 measurements. Compared to the other 
systematic uncertainties, the error that arises from the B — > X^ fraction is too small to be 
considered. We perform the average assuming that the systematic errors of the shape function 
and the drj fraction are correlated, and the other systematic errors and the statistical errors 
are Gaussian and uncorrelated. The obtained average is E{B — > X s j) = (355 ± 24 ± 9) x 10~ 6 
with a x 2 /DOF= 0.85/5, where the errors are combined statistical and systematic, systematic 
due to the shape function. The second error is estimated to be the difference of the average 
after simultaneously varying the central value of each experimental result by ±ler. Although a 
small fraction of events was used in multiple analyses in the same experiment, we neglect their 
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statistical correlations. Some other correlated systematic errors, such as photon detection and 
the background suppression, are not considered in our new average. 

Table 129: Reported branching fraction, minimum photon energy, branching fraction at 
minimum photon energy and converted branching fraction B cnv for the decay b — > S7. All 
the branching fractions are in units of 10~ 6 . The errors are, in order, statistical, systematic 
and theoretical (if exists) for B, and statistical, systematic and shape-function systematic for 
B cnv . Theoretical errors in B{£^ > £ m i n ) are merged into the systematic error of B cnv during 
conversion. The CLEO measurement on the branching fraction at E m \ n includes B — > X^j 
events. 



Mode 


Reported B 


-^min 


B 


at 


-^min 


Modified 


B (E min = 1.6) 


CLEO Inc. |369| 


321 ± 43 ± 27t[o 


2.0 


306 


± 


41 ±26 


327 ± 


44 ± 28 ± 6 


Belle Semi.|415| 


336 ± 53 ± 42^° 


2.24 








369 ± 


58 ± 46±gg 


BABAR Semi. [361] 


335 ± 19±|f±| 


1.9 


327 


± 


1 0+55+4 

lo -40-9 


349 


1 9n+59+4 
=■= zu -46-3 


BABAR Inc. [362] 




1.9 


367 ± 


29 


± 34 ± 29 


390 ± 


31 ±47 ±4 


BABAR Full |4l6] 


391 ±91 ±64 


1.9 


366 


± 


85 ±60 


389 ± 


91 ±64 ±4 


Belle Inc.|417j 




1.7 


345 


± 


15 ±40 


347 ± 


15 ± 40 ± 1 


Average 












355 


±24 ±9 



7.4 Baryonic decays 
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Table 130: Branching fractions of baryonic B + decays (in units of 10 6 ). Upper limits are 
at 90% CL. values in red (blue) are new published (preliminary) results since PDG2008 [as of 
March 12, 2010]. 



RPP# 


Mode 


PDG2008 Avg. 


BABAR 


Belle 


CLEO 


New Avg. 


327 


ppK + 


1.62 ±0.2 


1.69 ±0.29 ±0.26 f 


1.571°;^ ± 0.12 § 


< 160 




330 


ppK + 
Q++P 1 


5.9 ±0.5 


6.7 ±0.5 ±0.4 f 


5.00t° 2 ^ ± 0.32 § 




5.48 ±0.34 


331 


< 0.091 


< 0.09 


< 0.091 




< 0.09 


332 


fj(2221)K+ 2 


< 0.41 




< 0.41 




< 0.41 


333 


pA(152Q) 


< 1.5 


< 1.5 






< 1.5 


335 


ppK*+ 


6.6 ±2.3 


5.3 ± 1.5 ± 1.3 f 


3.38ig;$ ± 0.39 t 




o fi4 +0.79 

o.oi_ 070 


336 


fj(2221)K*+ 2 


< 0.77 


< 0.77 






< 0.77 


337 


pA 


< 0.32 




< 0.32 


< 1.5 


< 0.32 


339 


pAiT 


3.oo±S:5 




3.00±g:|| ± 0.33 




o on+ - 69 

°- uu -0.62 


340 


pE(1385)° 


< 0.47 




< 0.47 




< 0.47 


341 


A+A 


< 0.82 




< 0.82 




< 0.82 


344 


AAir+ 


< 2.8 




< 0.94 § 




< 0.94 § 


345 


AAK+ 


2 9+ 10 




3.38^ 3g ± 0.41 f 




Q OO + 0.58 




AAK*+ 


New 




2.191^1 ± 0-33 § 




2 19+ 118 

J -0.94 


346 


A p 


< 1.38 




< 1.38 § 


< 380 


< 1.38 § 


347 


A++p 


< 0.14 




< 0.14 § 


< 150 


< 0.14 § 




pAtt+tt- (NR) 


New 




5.92±g;|| ± 0.69 




r 00+ 1 - 12 

d - yz -1.09 




pAp° 


New 




4.78±g;^ ± 0.60 




A 78+0.90 




Mf 2 (1270) 


New 




2.03lg;^ ± 0.27 




Z - UO -0.77 



§Di-baryon mass is less than 2.85 GeV/c 2 ; f Charmonium decays to pp have been statistically subtracted; 
| The charmonium mass region has been vetoed; 1 O(1540) ++ — > K + p (pentaquark candidate); 
2 Product BF — daughter BF taken to be 100% 
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Table 131: Branching fractions of baryonic B° decays (in units of 10 6 ). Upper limits are 
at 90% CL. values in red (blue) are new published (preliminary) results since PDG2008 [as of 
March 12, 2010]. 



RPP# 


Mode 


PDG2008 Avg. 


BABAR 


Belle 


CLEO 


New Avg. 


328 


PP 


< 0.11 


< 0.27 


< 0.11 


< 1.4 


< 0.11 


330 


ppK° 


2.7 ±0.4 


3.0 ±0.5 ±0.3 f 


2-5i±8:li ± o.2i t 




2 66+ 34 

z - DD -0.32 


331 


e+p 1 


< 0.05 


< 0.05 


< 0.23 




< 0.05 


332 


fj (2221) K° 2 


< 0.45 


< 0.45 






< 0.45 


333 


ppK*° 


1.5 ±0.6 


1.47 ±0.45 ±0.40 f 


1.18±°;i±0.11i 






334 


fj(2221)K*° 2 


< 0.15 


< 0.15 






< 0.15 


335 


pAn~ 


3.2 ±0.4 


3.07 ±0.31 ±0.23 


3.23±g;|| ± 0.29 


< 13 


o 14 +0.29 


336 


pS(1385y 


< 0.26 




< 0.26 




< 0.26 


337 


A°A 


< 0.93 




< 0.93 




< 0.93 


338 


pAK~ 


< 0.82 




< 0.82 




< 0.82 


339 


pL IT 


< 3.8 




< 3.8 




< 3.8 


340 


AA 


< 0.32 




< 0.32 


< 1.2 


< 0.32 




AAK° 


New 




4.76ig;g ± 0.61 t 




4 76+ 1 ' 04 

'"-0.91 




AAK*° 


New 




2A6t il ± °- 34 t 




2 46+°' 93 



f Charmonium decays to pp have been statistically subtracted; | The charmonium mass region has been vetoed; 
1 6(1540)+ -> pK° (pentaquark candidate); 2 Product BF — daughter BF taken to be 100%. 
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7.5 B s decays 



Table 132: B s branching fractions (in units of 10 6 ). Upper limits are at 90% CL. Values in 
red (blue) are new published (preliminary) results since PDG2008 [as of March 12, 2010]. 



RPP# 


Mode 


PDG2008 Avg. 


Belle 


CDF 


DO 


New Avg. 


13 


7T + 7T~ 


< 170 


< 12 


< 1.2 




< 1.2 


19 


00 


14 ±8 




24.0 ±2.1 ±8.6 f 




24.0 ±8.9 


20 


7T + K~ 


< 210 


< 26 


5.0 ±0.7 ±0.8 




5.0 ± 1.1 


21 


K+K- 


33 ±9 


38±^° ± 7 


24.4 ± 1.4 ±4.6 




26.5 ±4.4 




K°K° 


New 


< 33 






< 33 


26 


77 


< 5.3 


< 8.7 






< 8.7 


27 


07 


< 120 


r 7+18+12 
01 -15-11 






57+ 21 

01 -18 


28 




< 0.047 




< 0.036 


< 0.075 


< 0.036 


29 


e + e~ 


< 54 




< 0.28 




< 0.28 


30 




< 6.1 




< 0.20 




< 0.20 


31 


4>jji + n~ 


< 3.2 




1.44 ±0.33 ±0.46 


< 3.2 f 


1.44 ±0.57 



fRelative BF converted to absolute BF 



Table 133: B s rare relative branching fractions. Values in red (blue) are new published 
(preliminary) results since PDG2008 [as of March 12, 2010]. 



RPP# 


Mode 


PDG2008 Avg. 


CDF 


DO 


New Avg. 


9 


f s B(B 3 ° -> ir+ir-)/f d B(B<> -> K+tt- 


-) 


0.007 ± 0.004 ± 0.005 




0.007 ± 0.006 


15 


B(B° S -> 4>4>)/B{B° s -> J/M) 




(1.78 ±0.14 ±0.20) x 10~ 2 




1.78 ± 0.24 


16 


f s B(B« ^ K+n-)/f d B(B<> -> K+n- 


") 


0.071 ±0.010 ±0.007 




0.071 ± 0.012 


17 


} S B{B» -> K+K-)/f d B(B<> ->• K+tt 


") 


0.324 ±0.019 ±0.041 




0.324 ± 0.045 


27 


B(B° S -> ^+/x-)/S(fl2 ->• J/^) 




(1.11 ±0.25 ±0.09) x 10~ 3 


< 3.5 x 10" 3 


1.11 ± 0.27 



7.6 Charge asymmetries 
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Table 134: CP asymmetries for charmless hadronic charged B decays (part I). Values in red (blue) are new published 



(preliminary) results since PDG2008 [as of March 12, 2010]. 



00 

ax 





ivioae 


r^JJLrZUUo Avg. 


"D A "P A "D 
dAdAK 


Belle 




c v\ I? 


New Avg. 


207 


K°ir+ 


0.009 ± 0.029 


-0.029 ib 0.039 ±0.010 


0.03 ± 0.03 ± 0.01 


0.18 ± 0.24 ± 0.02 




0.009 ± 0.025 


208 


K+n° 


0.027 ±0.032 


0.030 ±0.039 ib 0.010 


0.07 ± 0.03 ± 0.01 


-0.29 ±0.23 ± 0.02 




0.050 ± 0.025 


209 


r]'K+ 


0.016 ±0.019 


0.008Iq g}g ± 0.009 


0.028 ± 0.028 ± 0.021 


0.03 ±0.12 ±0.02 




0.0131°"!? 


210 


ri'K*+ 


-0.30±o;37 ± 0.02 


-0.30±° |3 ±0.02 








-0.30l°;^ 


211 


7)K+ 


-0.27 ±0.09 


-0.36 ±0.11 ±0.03 


-0.39 ±0.16 ±0.03 






-0.37 ±0.09 


212 


V K*+ 


0.02 ±0.06 


0.01 ±0.08 ±0.02 


0.03 ±0.10 ±0.01 






0.02 ±0.06 


213 


r]K*(1430)+ 


0.05 ± 0.13 ± 0.02 


0.05 ± 0.13 ± 0.02 








0.05 ± 0.13 


214 


jy* I a a onA + 


n a k _l_ n Qn _l_ n no 
—0.45 ± 0.30 ± 0.02 


n a c: _L n Qn J_ n no 
—U.45 ± U.oU ± U.U2 








n a c; _L n on 
—U.45 ± U.oU 


ii k 
zlo 


LJJ\ 1 


n no _L n ne^ 


— U.U1 it U.Uf it U.U1 


n nc;+0.08 i n m 
U.UO_q ± U.U1 






n no J_ n nc; 
U.UZ it U.Uo 


216 




New 


n on J. n 'it; 4- fl 09 
u.zy hi u.oo hi u.uz 






u.zy hi u.oo 




^7^(1430)+ 


New 


-0.10 ± 0.09 ± 0.02 








-0.10 ± 0.09 





wX|(1430)+ 


New 


0.14 ±0.15 ±0.02 








0.14 ±0.15 


219 


K*°7T + 


-0.08 ±0.10 


0.032 ± 0.052 + 2 ^ 


-0.149 ±0.064 ±0.022 






-0.038 ±0.042 


220 




0.04 ± 0.29 ± 0.05 


0.04 ± 0.29 ± 0.05 








0.04 ± 0.29 


221 




0.023 ± 0.031 


0.028 ± 0.020 ± 0.023 


0.049 ± 0.026 ± 0.020 






0.038 ±0.022 


223 


fo(980)K+ 


-0.04lg;°? 


-0.106 ± 0.050to oi5 


-0.077 ± 0-065± ° ll 






-0.095+g'gg 


224 


f 2 (1270)X+ 


-0.59 ±0.22 ±0.036 


-0.85 ± 0.22+Q-fl 


-0.59 ±0.22 ±0.04 






-0.68+°-'?° 

—0.18 


227 


fn (15001 JC 1- t 


New 


0.28 ± 0.26 + q 








u -^°-0.29 


229 


r J *- 


31+°" 


0.44 ± O.IO+q ^ 


0.30±0.11+°;£i 






0.37 ± 0.11 






U.UU HI u.u / 


n 009 -t- n c;+o.034 
u.uoz in u.uoo q Q2g 


U.U/U HI U.UOO_q Q22 






n55+ 034 
u.uoo_ 032 


231 


A 2 (14oU) 7T^ 


New 


n n c 1 n no + 0.18 

0.05 ± 0.23_ Q g 








0.05_ 24 


238 




—0.12 ib 0.17 ib 0.02 


—0.12 ± 0.17 ± 0.02 








—0.12 ± 0.17 


239 


7>'* + + — 


n nT i n nT I n n ,1 

0.07 ± 0.07 ± 0.04 


n nT 1 n n^7 i n n ,1 

0.07 ± 0.07 ± 0.04 








n n^7 1 n no 

0.07 ± 0.08 


240 


t/T*4- 


0.20_ 2g ± 0.04 


0.201 2g ± 0.04 








0.20^0.29 


241 


J" /'nonA Ei-'* -1- 

/o(980)K ^ 


ci o ^ i (~i o 1 i n no 

—0.34 ± 0.21 ± 0.03 


r\ r> a 1 n 01 I n no 

—0.34 ± 0.21 ± 0.03 








n ^ 1 n 1 

—0.34 ± 0.21 


242 




0.12 ± 0.11 ± 0.02 


0.12 ± 0.11 ± 0.02 








0.12 ± 0.11 


243 




—0.01 ± 0.16 ± 0.02 


—0.01 ± 0.16 ± 0.02 








—0.01 ± 0.16 


247 


i 

K+TC 


0.12 ±0.16 ±0.02 


0.10 ±0.26 ±0.03 


°- 13 ±a24 ±0-02 






n 1 9+0.17 


249 


K+K S K S 


-0.046 ±0.20 ±0.02 


-0.04 ±0.11 ±0.02 






-0.04 ±0.11 


251 


K+K--K+ 


0.00 ±0.10 ±0.03 


0.00 ±0.10 ±0.03 








0.00 ±0.10 


257 


b\K+ 


-0.46 ± 0.20 ± 0.02 


-0.46 ± 0.20 ± 0.02 








-0.46 ± 0.20 


- 


b+K Q 


New 


-0.03 ±0.15 ±0.02 








-0.03 ±0.15 


261 


K+K~K+ 


-0.017 ±0.026 ±0.015 


-0.02 ±0.03 ±0.02 








-0.02 ± 0.04 


262 


<f>K + 


0.01 ± 0.06 


0.00 ± 0.08 ± 0.02 


0.01 ± 0.12 ± 0.05 




-0.07 ± 0.17I(J;o2 


—0.01 ± 0.06 


270 


K*+K+K- 


0.11 ±0.08 ±0.03 


0.11 ±0.08 ±0.03 






0.11 ±0.09 


271 


<j>K*+ 


-0.01 ±0.08 


0.00 ±0.09 ±0.04 


-0.02 ±0.14 ±0.03 






-0.01 ±0.08 




0Xi(127O)+ 


New 


0.15 ±0.19 ±0.05 








0.15 ±0.20 




0KJ(143O)+ 


New 


0.04 ±0.15 ±0.04 








0.04 ±0.15 


273 


^JT|(1430)+ 

4>4>K+ 


New 


-0.23 ±0.19 ±0.06 








-0.23 ±0.20 


274 


New 




O.Olig;" ±0.02 






m+ 019 

u - ui -0.16 


276 




New 


0.18 ±0.28 ±0.07 








0.18 ±0.29 


278 




-0.16 ±0.10 


-0.09 ±0.10 ±0.01 


-0.16 ±0.09 ±0.06 






-0.12 ±0.07 


280 




-0.26 ±0.14 ±0.05 


-0.26 ±0.14 ±0.05 








-0.26 ±0.15 



Table 135: CP asymmetries for charmless hadronic charged B decays (part II). Values in red (blue) are 



00 



new 


published (preliminary) results 


since rDGzUUo [as 


oi March 12, 20 10 J 






rur r ff- 


Mode 


PDG2008 Avg. 


RAR AR 


Belle 




IxTfiAST" A "\/cr 


9Q1 




New 




— u.±± nz u.oz nz u.uy 




n 11 xn qq 
— U. 11 I u.oo 


9Q9 


7T + 7T 


01 + 06 


U.UO It U.Uo I U.Ul 


U.U/ ZtZ U.UO ZtZ u.u± 




u.ud ztz u.uo 


293 


7T IT 7T — ^~ 


_n nn7 + n 0077 + 025 


n noo _i_ c\ c\a a -1-0.040 
(J.Uoz ± U.U44_q 






n nQO+0-059 
°- 032 -0.057 


294 


p 7T 


fi fi7/1 _|_ n 1 on^" , "^' r) 
-U.Oi'4±0.12U_ 055 


0.18 ± 0.071q ?5 






0.18+°;°? 


296 


/2(1270)7T + 


—0.004 ± 0.247lg'g2 


0.41 ± 0.25Io ig 






_i_n ^1 

o-4i±g;l9 


297 


p(1450)°7T + 


New 


-0.06±0.28lo32 






-o.ob18:S 


300 


TT+TT-TT+{NR) 


New 


-0.14±0.14±£J! 


0.06±0.17lg'^ 




u - ±4 -0.16 


302 


P+7T 


0.02 ± 0.11 


-0.01 ±0.13 ±0.02 




0.02 ± 0.11 


304 


p+p° 


-0.08 ±0.13 


-0.054 ±0.055 ±0.010 


0.00 ±0.22 ±0.03 




-0.051 ±0.054 


308 


U^TT 


n nc; j_ n 1 ft _L n no 
U.Uo ± U.1D ± U.Uz 


0.05 ±0.16 ±0.02 






0.05 ± 0.16 


309 




-0.04 ±0.06 


-0.02 ±0.08 ± 0.01 


-0.02 ±0.09 ±0.01 - 


0.34 ±0.25 ±0.02 


-0.04 ± 0.06 


310 




0.04 ±0.18 ±0.02 


—0.20 ± 0.09 ± 0.02 






—0.20 ± 0.09 


311 


r)ir + 


-0.05 ±0.10 


-0.03 ±0.09 ±0.03 


-0.23 ±0.09 ±0.02 




-0.13 ±0.07 


312 


t]'tt + 


-0.16 ±0.07 


0.03 ±0.17 ±0.02 


°- 20 -oil ± °- 04 




0.06 ±0.15 


313 


r/p+ 


0.04 ±0.28 ±0.02 


0.04 ±0.28 ±0.02 




0.04 ±0.28 


314 


rip+ 


0.01 ± 0.16 


0.13 ±0.11 ±0.02 


-o. 04±°;|| ±o.oi 




0.11 ± 0.11 


327 


pjm + 


0.00 ±0.04 


0.04 ±0.07 ±0.04 


-0.17 ±0.10 ±0.02 




-0.04 ±0.06 


330 


ppK + 


-0.16 ±0.07 


-0.16 ±0.08 ±0.04 


-0.02 ±0.05 ±0.02 




-0.06 ± 0.05 


335 


ppK* + 


0.32 ±0.13 ±0.05 


0.32 ±0.13 ±0.05 


-0.01 ±0.19 ±0.02 




0.21 ± 0.11 


338 


pA-y 


0.17 ±0.16 ±0.05 




0.17 ±0.16 ±0.05 




0.17 ±0.17 


339 


pA7T° 


0.01 ±0.17 ±0.04 




0.01 ±0.17 ±0.04 




0.01 ± 0.17 


371 


K+U 


-0.07 ±0.22 ±0.02 


-0.18 ±0.19 ±0.01 


0.04 ±0.10 ±0.02 




-0.01 ±0.09 


372 


K+e+e- 


New 




0.14 ±0.14 ±0.03 




0.14 ±0.14 


373 


K+p+p- 


New 




-0.05 ±0.13 ±0.03 




-0.05 ±0.13 


376 


K*+U 


0.03 ±0.23 ±0.03 


O.Olj;^ ± 0.02 


-0- 13 ±ai6 ±0.01 




-0.09+°;^ 


378 


K*+e+e- 


New 


-0.14±°-%l ±0.02 






379 


K*+p+p~ 


New 




-0.12 ±0.24 ±0.02 




-0.12 ±0.24 



Table 136: CP asymmetries for charmless hadronic neutral B decays. Values in red (blue) are new 
published (preliminary) results since PDG2008 [as of March 12, 2010]. 



RPP# 


Mode 


PDG2008 Avg. 


BABAR 


Belle 


CLEO 


CDF 


New Avg. 


198 


K+TT- 


-0.101 ± 0.015 


-0.107 ± 0.016 j:2:So4 


-0.094 ±0.018 ±0.008 


-0.04 ±0.16 ±0.02 


-0.086 ± 0.023 ± 0.009 


-0.098t°;°^ 


201 


n'K*° 


0.08 ±0.25 ±0.02 


0.08 ±0.25 ±0.02 








0.08 ±0.25 


203 


■qK* 


0.19 ±0.05 


0.21 ±0.06 ±0.02 


0.17 ±0.08 ±0.01 






0.19 ±0.05 


204 


r,K* (1430)° 


0.06 ±0.13 ±0.02 


0.06 ±0.13 ±0.02 








0.06 ±0.13 


205 


J7-fq(1430)° 


-0.07 ±0.19 ±0.02 


-0.07 ±0.19 ±0.02 








-0.07 ±0.19 


211 


uiK*° 


New 


0.45 ±0.25 ±0.02 








0.45 ±0.25 


— 


uiK*(U30)° 


New 


-0.07 ±0.09 ±0.02 








-0.07 ±0.09 


- 


wK2(1430)° 


New 


0.37 ±0.17 ±0.02 








0.37 ±0.17 


216 


K + TT-TT 


0.07 ±0.11 ±0.01 


Omotolti ± 0.055 


0.07 ±0.11 ±0.01 






0.042l°;°6? 


217 


p~K+ 


-0.08 ± 0.24 


0.14 ± 0.06 ± 0.01 


n 22+°- 22 + 06 
—0.23 — 0.02 






0.15 ± 0.06 


218 


K+n-TT°(NR) 


New 


0.07 ± 0.15 ± 0.04 






0.07 ± 0.15 




KZ(1430)°tt 


New 


—0 16 + 09 + 04 








—0 16 + 10 


224 


K*+TT- 


-0.05 ±0.14 


-0.20 ±0.09 


-0.21 ±0.11 ±0.07 


n 9fi +0.33+0.10 

— u.oi — U.UO 




-0.18 ±0.07 


232 




New 


-0.15 ±0.12 ±0.02 






-0.15 ±0.12 


233 


i^(1430)+7r- 


New 


0.07 ±0.05 ±0.01 








0.07 ±0.05 


240 




0.07 ±0.04 ±0.03 


0.07 ±0.04 ±0.03 








0.07 ±0.05 


241 


K*°p° 


0.09 ±0.19 ±0.02 


0.09 ±0.19 ±0.02 








0.09 ±0.19 


242 


fo(980)K*° 


New 


-0.17 ±0.28 ±0.02 








-0.17 ±0.28 


244 


a+K~ 


-0.16 ±0.12 ±0.01 


-0.16 ±0.12 ±0.01 








-0.16 ±0.12 


245 


b~K+ 


0.07 ±0.12 ±0.02 


0.07 ±0.12 ±0.02 








0.07 ±0.12 


246 


K*°K+K~ 


0.01 ±0.05 ±0.02 


0.01 ±0.05 ±0.02 








0.01 ±0.05 


247 


<j>K*° 


0.01 ±0.06 


0.01 ±0.06 ±0.03 


0.02 ±0.09 ±0.02 






0.01 ±0.05 


248 


K* l \+K- 


0.22 ±0.33 ±0.20 


0.22 ±0.33 ±0.20 








0.22 ±0.39 


258 


<j>K*(U30)° 


New 


0.20 ±0.14 ±0.06 








0.20 ±0.15 


263 


<j>KZ(1430)° 


-0.12 ±0.14 ±0.04 


-0.08 ±0.12 ±0.05 








-0.08 ±0.13 


266 


K*^ 


New 


-0.16 ±0.22 ±0.07 








-0.16 ±0.23 


285 


7r°7r° 




0.43 ±0.26 ±0.05 


n 44+0.73+0.04 
u -^*-0.62-0.06 






n 4-!+0.25 
u - 4d -0.24 


316 


bf^ 


-0.05 ±0.10 ±0.02 


-0.05 ±0.10 ±0.02 








-0.05 ±0.10 


330 


ppK*° 


0.11 ±0.13 ±0.06 


0.11 ±0.13 ±0.06 


-0.08 ±0.20 ±0.02 






0.05 ±0.12 


335 


pAn~ 


-0.02 ±0.10 ±0.03 


-0.10 ±0.10 ±0.02 


-0.02 ±0.10 ±0.03 






-0.06 ±0.07 


381 


K*°ee 


New 


0.02 ±0.20 ±0.02 


-0.08 ±0.12 ±0.02 






-0.05 ±0.10 


382 


K*°e+e- 


New 




-0.21 ±0.19 ±0.02 






-0.21 ±0.19 


383 




New 




0.00 ±0.15 ±0.03 






0.00 ±0.15 



f Measurements of time-dependent CP asymmetries are listed in the section of the Unitarity Triangle. 



Table 137: Charmless hadronic CP asymmetries for B^/B admixtures. Values in red (blue) are new 
published (preliminary) results since PDG2008 [as of March 12, 2010]. 



RPP# 


Mode 


PDG2008 Avg. 


BABAR 


Belle 


CLEO CDF 


New Avg. 


62 
74 

111 
114 
116 
118 


if*7 
S7 
(s + (f)7 

sU 
K*e+e~ 

K*U 


-0.010 ±0.028 
0.01 ±0.04 
-0.110 ±0.115 ±0.017 
-0.22 ±0.26 ±0.02 

New- 
New 
New 


-0.003 ±0.017 ±0.007 
-0.011 ±0.030 ±0.014 
-0.11 ± 0.12 ± 0.02 
-0.22 ± 0.26 ± 0.02 

O.Ollg;^ ±0.01 


-0.015 ±0.044 ±0.012 
0.002 ± 0.050 ± 0.030 

-0.18 ±0.15 ±0.01 
-0.03 ±0.13 ±0.02 
-0.10 ±0.10 ±0.01 


0.08 ±0.13 ±0.03 
-0.079 ±0.108 ±0.022 


-0.003 ±0.017 
-0.012 ±0.028 
-0.11 ±0.12 
-0.22 ±0.26 
-0.18 ±0.15 
-0.03 ±0.13 
-0.07 ±0.08 



Table 138: CP asymmetries for charmless hadronic neutral B$ decays. Values in red (blue) are new 
published (preliminary) results since PDG2008 [as of March 12, 2010]. 



RPP# 


Mode 


PDG2008 Avg. 


BABAR Belle CLEO CDF 


New Avg. 


20 


K+7T- 


New 


0.39 ±0.15 ±0.08 


0.39 ±0.17 



7.7 Polarization measurements 



Table 139: Longitudinal polarization fraction fi for B + decays. Values in red (blue) are new 
published (preliminary) results since PDG2008 [as of March 12, 2010]. 



RPP# Mode PDG2008 Avg. BABAR Belle New Avg. 



216 


uK* + 


New 


0.41 ±0.18 ±0.05 




0.41 ±0.19 




uK* (1430)+ 


New 


0.56 ±0.10 ±0.04 




0.56 ±0.11 


243 


K*°p+ 


0.48 ±0.08 


0.52 ±0.10 ±0.04 


0.43 ±0.11+°;^ 


0.48 ± 0.08 


244 


K*+K*° 


New 


0.7518:^ ± °-° 3 




7P)+ - 16 

u - ' d -0.26 


271 


<f)K* + 


0.50 ±0.07 


0.49 ±0.05 ±0.03 


0.52 ±0.08 ±0.03 


0.50 ±0.05 




0K+(127O) 


New 


n Aa +o.i2+om 

u -^°-0.13-0.07 




0-46^ 


273 


<f>KZ(U30)+ 


New 


0.80t£°o ± 0.03 




0.80 ±0.10 


304 


P + P° 


0.91 ±0.04 


0.950 ± 0.015 ± 0.006 


0.95 ±0.11 ±0.02 


0.950 ±0.016 


310 




0.82 ±0.11 ±0.02 


0.90 ±0.05 ±0.03 




0.90 ±0.06 



Table 140: Full angular analysis of B + — > <f)K* + . Values in red (blue) are new published 
(preliminary) results since PDG2008 [as of March 12, 2010]. 



Parameter PDG2008 Avg. BABAR Belle New Avg. 



= A ±± 


0.20 ±0.05 


0.21 ±0 


05 ±0 


02 


0.19 ±0.08 ±0.02 





20 ±0 


05 


H 


2.34 ±0.18 


2.47 ±0 


20 ±0 


07 


2.10 ±0.28 ±0.04 


2 


34 ±0 


17 


<f>± 


2.58 ±0.17 


2.69 ±0 


20 ±0 


03 


2.31 ±0.30 ±0.07 


2 


58 ±0 


17 


So 


3.07 ±0.19 


3.07 ±0 


18 ±0 


06 




3 


07 ±0 


19 


A°cp 


0.17 ±0.11 ±0.02 


0.17 ±0 


11 ±0 


02 







17 ±0 


11 


A CP 


0.22 ±0.24 ±0.08 


0.22 ±0 


24 ±0 


08 







22 ±0 


25 


A0|| 


0.07 ±0.20 ±0.05 


0.07 ±0 


20 ±0 


05 







07 ±0 


21 




0.19 ±0.20 ±0.07 


0.19 ±0 


20 ±0 


07 







19 ±0 


21 


A5 


0.20 ±0.18 


0.20 ±0 


18 ±0 


03 







20 ±0 


18 



BR, Jl and Aqp are tabulated separately. 
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Table 141: Longitudinal polarization fraction fi for B° decays. Values in red (blue) are new 
published (preliminary) results since PDG2008 [as of March 12, 2010]. 



RPP# 


Mode 


PDG2008 Avg. 


BABAR 


Belle 


New Avg. 


211 


ujK*° 


New 


0.72 ±0.14 ±0.02 


0.56 ±0.29l^| 


0.70 ±0.13 






New 


0.45 ±0.12 ±0.02 


0.45 ± 0.12 


241 


K*°p° 


0.57 ±0.09 ±0.08 


0.57 ±0.09 ±0.08 




0.57±0.12 


247 


(f>K*° 


0.484 ±0.0033 


0.494 ±0.034 ±0.013 


0.45 ±0.05 ±0.02 


0.480 ±0.030 


249 
263 
312 
319 
326 


K*°K*° 

P°P° 
p+p 
afaf 


0.80±g;iJ ± 0.06 
0.8531°°^ ± 0.036 
0.87 ±0.13 ±0.04 

+0.028 
u - 9 ' '-0.024 

New 


0.80ig;^ ± 0.06 
0.901+° °^ ± 0.037 

0.75±^4 ± 0.04 
0.992 ± 0.024±g;g|| 
0.31 ±0.22 ±0.10 


0.94lt°;^ ± 0.030 


0.801°;!! 
0.90llg:* 

u - ' °-0.15 
Q7Q+0-025 
U.»IO_ 022 

0.31 ±0.24 



Table 142: Full angular analysis of B° — > <pK*°. Values in red (blue) are new published 
(preliminary) results since PDG2008 [as of March 12, 2010]. 



Parameter 


PDG2008 Avg. 


BABAR 


Belle 


New Avg. 


f± = A xx 
<t>\\ 
<t>x 
So 
Acp 

A CP 

A0|| 
ASo 


0.26 ±0.04 
2.33 ±0.14 
2.33 ±0.14 
2.78 ±0.19 
0.02 ±0.07 
-0.11 ±0.12 
0.10 ±0.24 
0.04 ±0.23 
0.21 ±0.19 


0.212 ± 0.032 ±0.013 
2.40 ±0.13 ±0.08 
2.35 ±0.13 ±0.09 
2.82 ±0.15 ±0.09 
0.01 ±0.07 ±0.02 
-0.04 ±0.15 ±0.06 
0.22 ±0.12 ±0.08 
0.21 ± 0.13 ± 0.08 
0.27 ±0.14 ±0.08 


0.3llg 05 ± 0.02 
2.40l° : ^ ± 0.07 
2.51 ±0.25 ±0.06 

0.13 ±0.12 ±0.04 
-0.20 ±0.18 ±0.04 
-0.32 ±0.27 ±0.07 
-0.30 ±0.25 ±0.06 


0.241 ±0.029 

2 40+ 14 

z ' w -0.13 

2.39 ±0.13 
2.82 ±0.17 
0.04 ±0.06 
-0.11 ±0.12 
0.11 ±0.13 
0.08 ±0.13 
0.27±0.16 



BR, fi and A C p are tabulated separately. 



Table 143: Full angular analysis of B° — > 0i^2(143O)°. Values in red (blue) are new published 
(preliminary) results since PDG2008 [as of March 12, 2010]. 



Parameter 


PDG2008 Avg. 


BABAR Belle 


New Avg. 


f± = A ±x 

H 
So 

A-cp 

A h 

AS 


n 045+ 0051 

U.U40_ 042 

2.90 ±0.40 
o r 4 +o. 13 

New 
New 
New 


0.002l° °o2 ± 0.031 
3.96 ±0.38 ±0.06 
3.41 ±0.13 ±0.13 
-0.05 ±0.06 ±0.01 
-1.00 ±0.38 ±0.09 
0.11 ±0.13 ±0.06 


02+ 036 

U.ULM_ .031 

3.96 ±0.39 
3.41 ±0.18 
-0.05 ±0.06 
-1.00 ±0.39 
0.11 ±0.14 



BR, f L and A C p are tabulated separately 
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8 D decays 



8.1 D () -D {) Mixing and CP Violation 
8.1.1 Introduction 

In 2007, Belle [HE] and Babar gl9] obtained the first evidence for D°-D° mixing, which had 
been searched for for more than two decades without success. These results were later confirmed 
by CDF |420] . There are now numerous measurements of D°-D° mixing, with various levels of 
sensitivity. All the results can be combined to yield world average (WA) values for the mixing 
parameters x = (m 1 — m 2 )/T and y = (T 1 — T 2 )/(2T), where m l , m 2 and r i , T 2 are the masses 
and decay widths for the mass eigenstates D l = p\D°) — q\D°) and D 2 = p\D°) + q\D°), and 
r = (T 1 + T 2 )/2. Here we use the phase convention CP\D°) = -\D°), CP\D°) = —\D°); in 
the absence of CP violation (CPV), q/p — 1, D 1 is CP-even, and D 2 is CP-odd. 

The WA values are calculated by performing a global fit to more than two dozen measured 
observables. Assuming no CPV, the fit parameters are x, y, 5 (the strong phase difference 
between amplitudes A(D° — >K + n~) and A(D° — >K + n^)), a strong phase 6 Kn7T entering D°— > 
K+n-n decays, and R D = \A(D° ->• K+ir') /A(D° -> K+^-)\ 2 . To account for possible CPV, 
three additional parameters are added: \q/p\, 4> = Aig(q/p), and A D = (Pj — P^)/(Pj + P^), 
where the + (— ) superscript corresponds to D° (D°) decays. 

The observables used are from measurements of D° — > K + £~u, D° — > K + K~ /7t + 7t~ , D° — > 
K+Ti-, D°^K + tt-tt°, P°^P;°7r + 7r-, and D°->K° S K + K- decays; and from double-tagged 
branching fractions measured at the ^(3770) resonance. Correlations among observables are ac- 
counted for by using covariance matrices provided by the experimental collaborations. System- 
atic errors among different experiments are assumed uncorrelated as no significant correlations 
have been identified. We have checked this method with a second method that adds together 
three-dimensional log-likelihood functions for x, y, and S obtained from several analyses; this 
combination accounts for non-Gaussian errors. When both methods are applied to the same 
set of observables and data, equivalent results are obtained. 

Mixing in heavy flavor systems such as those of B° and B° s is governed by the short-distance 
box diagram. In the D° system, however, this diagram is doubly-Cabibbo-suppressed relative 
to amplitudes dominating the decay width, and it is also GIM-suppressed. Thus the short- 
distance mixing rate is tiny, and D°-D° mixing is expected to be dominated by long-distance 
processes. These are difficult to calculate reliably, and theoretical estimates for x and y range 
over two-three orders of magnitude @2D S22l 0219 HMH25] . 

With the exception of ^(3770) —tDD measurements, all methods identify the flavor of the 
D° or D° when produced by reconstructing the decay D* + — >D°tt + or D*~ — >D°tt~; the charge 
of the pion (which has low momentum and is often referred to as the "soft" pion 7r s ) identifies the 
D flavor. For signal decays, M D , — M D0 — M n+ = Q w 6 MeV, which is close to the threshold; 
thus analyses typically require that the reconstructed Q be small to suppress backgrounds. 
For time-dependent measurements, the D° decay time is calculated as (d/p) x M D0 , where d 
is the distance between the D* and D° decay vertices and p is the D° momentum. The D* 
vertex position is taken to be at the primary vertex for pp collider experiments [420] . and at 
the intersection of the D° momentum vector with the beamspot profile for e + e~ experiments. 
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HFAG -charm 



Moriond 2008 



'1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 



E791 1996 



CLEO 2005 



BaBar 2007 



Belle 2008 



World average 



H 



iIiiiiIimiIimiIiimIiimImmIiimIi 



ono+ 0.300 % 
-0.270 



0.160 ± 0.290 ± 0.290 % 



0004 + 0.070 „ 
.0.060 



0.013 ± 0.022 ± 0.020 % 



0.013 ± 0.027 % 



-0.2-0.1 0.1 0.2 0.3 0.4 0.5 

R M (%) 



Figure 56: WA value of R M from Ref. [426j . as calculated from D° -^-K + £ v measurements [42 71 
11281 11291 1130] . 



8.1.2 Input Observables 

The global fit determines central values and errors for the underlying parameters using a \ 2 
statistic constructed from 30 observables. The parameters are x, y, 5, R D ,A D , \q/p\, (ft, and 
S Knn . Parameters x and y govern mixing, while A D , \q/p\, and govern CPV . The parameter 
5 is the strong phase difference between the amplitudes A(D° — >K + it~) and A(D° — > K + n~), 
and 5 Knn is the analogous strong phase difference between the amplitudes A(D° — >K + p ) and 

All input values are listed in Tables [1441 and [1451 The observable R M = (x 2 +y 2 )/2 calculated 
from D° K+£~u decays [1271 HSU S29J 030] is the WA value calculated by HFAG [326] 
(see Fig. EH]). The observables y CP and A r are also HFAG WA values [426] (see Fig. I5T|) . 
The D° — > K + 7t~ observables used are from Belle [431] . Babar [419] , and CDF [420] ; earlier 
measurements have much less precision and are not used. The observables from D°— >K^n + 7i^ 
decays for no-CPV are from Belle [432] and BaBar [433] . but for the CP^-allowed case only 
Belle measurements [432] are available. The D° — > K + 7t~tt results are from Babar [434] . and 
the V(3770) -^DD results are from CLEOc [3l9] . 

The relationships between the observables and the fitted parameters are listed in Table 11461 

32 In the D— > K + ir~ir° Dalitz plot analysis yielding sensitivity to x and y, the D°— >K + ir~ir° isobar phases 
are determined relative to that for A(D° — > K + p~), and the D° — > K + tt~tt° isobar phases are determined 
relative to that for A(D° — >K + p~). As the D° and D° Dalitz plots are fit independently, the phase difference 
S KlT7r between the two "normalizing" amplitudes cannot be determined from these fits. 
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Table 144: All observables except those for D° -^K + n used for the global fit, from Refs. |418[ 
H271 H28l H29l H30l 1^321 H33l H3^l f319l H35l H36l H38] . 



Mode 



Observable 



Values 



Correlation coefficients 



D ^K + K-/tt + tt- 



> K s i 426 . 



Vcp 



(1.107 ±0.217)% 
(0.123 ±0.248)% 



+ K° s ir+ir- 033] 
K° s K+K- 



(BaBar: no CPV) 

D°^K° s ir+Tr- [326] 
(Belle+CLEO WA: 
no CPV or 
no direct CPV) 



(Belle: 

CW-allowed) 



x 
V 



\q/p\ 



it 

\g/p\ 



(0.16 ±0.23 ±0.12 ±0.08)% 
(0.57 ±0.20 ±0.13 ±0.07)% 

(0.811 ±0.334)% 
(0.309 ±0.281)% 
0.95 ± 0.22±g;Jg 
(-0.035 ±0.19 ±0.09) rad 



(0.81 ± 0.30t£;[f ) 
(0.37±0.25to;i5) 



0.0615 



0.86 ±0.30 



+0.10 
-0.09 



1 

-0.007 
-0.255a 
0.216 



-0.007 -0.255a 0.216 
1 -0.019a -0.280 
-0.019a 1 -0.128a 
-0.280 -0.128a 1 



(-0.244 ±0.31 ±0.09) rad 



(a = (\q/p\ + 1)72 is a 
transformation factor) 



D»->K + £-v [426J 




(0.0173 ±0.0387)% 








D ^K + 7T-TT 


x" 

y" 


(2.61 ±g;gj ±0.39)% 
(-0.06 ±0.34)% 




-0.75 






R M 


(0.199 ±0.173 ±0.0)% 


1 


-0.0644 0.0072 0.0607 




if> (3770) ^DD 


y 


(-5.207 ±5.571 ± 2.737)% 


-0.0644 


1 -0.3172 -0.8331 


> 


(CLEOc) 


R D 


(-2.395 ± 1.739 ± 0.938)% 


0.0072 


-0.3172 1 0.3893 






\J R D cos S 


(8.878 ± 3.369 ± 1.579)% 


0.0607 


-0.8331 0.3893 1 

> 





For each set of correlated observables we construct a difference vector V; e.g., for D° — >K$ n + n 
decays V = (Ax, Ay, A\q/p\, A0), where A represents the difference between the measured 
value and the fitted parameter value. The contribution of a set of observables to the x 2 
is calculated as V ■ (M _1 ) • V T , where M _1 is the inverse of the covariance matrix for the 
measurement. All covariance matrices are listed in Tables [T4"4l and [T431 



8.1.3 Fit results 

The global fit uses MINUIT with the MIGRAD minimizer, and all errors are obtained from 
MINOS [44U] . Three separate fits are performed: (a) assuming CP conservation (A D and <p 
are fixed to zero, \q/p\ is fixed to one); (b) assuming no direct CPV (A D is fixed to zero); and 
(c) allowing full CPV (all parameters floated). The results are listed in Table H4T1 For the 
CP^-allowed fit, individual contributions to the \ 2 are listed in Table 11481 The total y 2 is 
31.9 for 30 — 8 = 22 degrees of freedom; this corresponds to a confidence level of 0.08, which is 
small but acceptable given the variety of measurements and systematic uncertainties. 
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HFAG -charm 
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FOCUS 2000 



CLEO 2002 



Belle 2002 



Belle 2007 



Belle 2009 



BaBar 2009 



World average 
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H 



H 
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1.160 ± 0.220 ± 0.180 % 



1.107 ± 0.217 % 



y CP (%) 
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Lepton-Photon 2007 
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World average 




i I i i i I i i i I i i i I i i i I 
-0.2 0.2 0.4 0.6 

M%) 



0.010 ± 0.300 ± 0.150 % 



0.260 ± 0.360 ± 0.080 % 



0.123 ± 0.248 % 



Figure 57: WA values of y CP (top) and A v (bottom) from Ref. [426] . as calculated from 
D° ->• K + K-/n + n- measurements [HH USE 03S1 HSU 
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Table 145: D°^K + tt~ observables used for the global fit, from Refs. [HH H2D1H5I] . 



Mode 



Observable 



Values 



Correlation coefficients 



(Babar) 



(Babar) 



R 



D 
12+ 



,,'+ 



(0.303 ±0.0189)% 
(-0.024 ±0.052)% 
(0.98 ±0.78)% 





(-2.1 ±5.4)% 


x' 2 ~ 


(-0.020 ±0.050)% 


y'- 


(0.96 ±0.75)% 


R D 


(0.364 ±0.018)% 


x' 2 + 


(0.032 ± 0.037)% 


y ,+ 


(-0.12 ±0.58)% 



1 0.77 -0.87 
0.77 1 -0.94 
-0.87-0.94 1 



same as above 



(Belle) 



1 0.655 -0.834 
0.655 1 -0.909 
-0.834 -0.909 1 



(Belle) 


A D 
x' 2 ~ 

y'- 


(2.3 ±4.7)% 
(0.006 ± 0.034)% 
(0.20 ±0.54)% 


same as above 




R D 


(0.304 ± 0.055)% 


1 0.923 -0.971 




+ c.c. 


x' 2 


(-0.012 ±0.035)% 


0.923 1 -0.984 


1 


(CDF) 


y' 


(0.85 ±0.76)% 


-0.971 -0.984 1 





Confidence contours in the two dimensions (x, y) or in (\q/p\, 4>) are obtained by letting, for 
any point in the two-dimensional plane, all other fitted parameters take their preferred values. 
The resulting la-5a contours are shown in Fig. [58] for the CP-conserving case, and in Fig. [59] 
for the CP V- allowed case. The contours are determined from the increase of the \ 2 above the 
minimum value. One observes that the (x, y) contours for the no-CPV fit are almost identical 
to those for the CPl^-allowed fit. in the latter fit, the \ 2 at the no-mixing point (x, y) = (0, 0) 
is 110 units above the minimum value; for two degrees of freedom this has a confidence level 
corresponding to 10. 2a. Thus, no mixing is excluded at this high level. In the (\q/p\,<f>) plot, 
the point (1,0) is within the la contour; thus the data is consistent with CP conservation. 

One-dimensional confidence curves for individual parameters are obtained by letting, for any 
value of the parameter, all other fitted parameters take their preferred values. The resulting 
functions A% 2 = x 2 ~ Xmin (Xmin 15 the minimum value) are shown in Fig. [60] The points 
where A% 2 = 3.84 determine 95% CL. intervals for the parameters; these intervals are listed 
in Table H371 

8.1.4 Conclusions 

From the fit results listed in Table [T4T1 and shown in Figs. [59] and [60] we conclude the following: 

• the experimental data consistently indicate that D° mesons undergo mixing. The no- 
mixing point x = y = is excluded at 10.2cr. The parameter x differs from zero by 2.5a, 
and y differs from zero by 5.7a. This mixing is presumably dominated by long-distance 
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Table 146: Left: decay modes used to determine fitted parameters x, y, 5, S Kn7T , R D , A D , \q/p\, 
and 0. Middle: the observables measured for each decay mode. Right: the relationships between 
the observables measured and the fitted parameters. 



Decay Mode 


Observables 


Relationship 


D°^K+K-/tt+tt- 


Vcp 
A v 


2 Vcp = (W/P\ + \v/q\)ycos<j) - {\q/p\ - \p/q\)xsm.(j) 
2 A T = {\q / p\-\p/q\)y cos (j> - (\q/p\ + \p/q\) x sin <j> 




X 

y 

k/p\ 








R M = (x 2 +y 2 )/2 


(Dalitz plot analysis) 


x" 

y" 


x" = xcos5 K ^ + ysin5 K ^ 
y" = ycaa5 Kmr -xam6 Kmr 


"Double-tagged" branching 
fractions measured in 
V>(3770) -+ZXD decays 


y 

R D 


R M = (x 2 +y 2 )/2 




R~Di R-d 
x' 2 +, x' 2 - 

y' + , y'- 


R D = (R++R D )/2 

A D = {R~D ~ R d)I ( R D + R d) 

x' = x cos 5 + y sin 5 

y' = y cos 5 — x sin S 

A M ^(\ q / P \ i -l)/(\ q / P \ i + l) 

x>± = [(1 ± A M )/(1 T A M )Y / \x' cos <j>±y' sin <j>) 

y* = [(1 ± A M )/(1 T A M )Y/\y> cos<f> T x' sin 0) 



Table 147: Results of the global fit for different assumptions concerning CPV . 



Parameter 


No CPV 


No direct CPV 


CPF-allowed 


CPF-allowed 95% C.L. 


x (%) 

y{%) 

5{°) 

Rd (%) 
A D (%) 

\q/p\ 

<t>n 

<W (°) 


fii + 019 

U - 0i -0.20 

0.79 ±0.13 
26.6 

n ooi 7 +0 0080 
U..3.31 1 _ .0081 

21-6 -23.2 


0.59 ±0.20 
0.81 ±0.13 

oo o +11.3 
ZO.O _ 12 2 

n qqi « +0.0080 
u.ooio _ .oo8i 

-2.9±S:J 

oo A +22.2 
zo -^ -23.3 


0.59 ±0.20 
0.80 ±0.13 

27.6 
0.3319 ± 0.0081 
-2.0 ±2.4 

91 + 019 

u - yi -0.16 

oo o +22.3 
zo - z -23.3 


[0.19, 0.97] 
[0.54, 1.05] 
[0.7, 49.5] 

[0.316, 0.348] 
[-6.7, 2.7] 
[0.60, 1.29] 
[-26.9, 8.4] 

[-23.2, 66.4] 
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Figure 58: Two-dimensional contours for mixing parameters (x,y), for no CPV. 



processes, which are difficult to calculate. Unless it turns out that |x| 3> \y\ [421] . which 
is not indicated, it will probably be difficult to identify new physics from mixing alone. 

• Since y CP is positive, the CP-even state is shorter-lived, as in the K°-K° system. How- 
ever, since x also appears to be positive, the CP-even state is heavier, unlike in the 
K°-~K° system. 

• There is no evidence (yet) for CPV in the D°-D° system. Observing CPV at the current 
level of sensitivity would indicate new physics. 
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Figure 59: Two-dimensional contours for parameters (x,y) (top) and (\q/p\,<f>) (bottom), al- 
lowing for CPV. 
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Figure 60: The function A% 2 = x 2 ~ Xmin f° r fitted parameters x, y, 5, S Kn7T , \q/p\, and (p. 
The points where Ax 2 = 3.84 (denoted by the dashed horizontal line) determine a 95% CL. 
interval. 
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Table 148: Individual contributions to the x 2 f° r the CPl^-allowed fit. 



Observable 


x 2 Ex 2 


Vcp 
A r 


2.24 2.24 
0.15 2.40 


yK°ir+TT- 
\Q/P\ K o^+n- 


0.40 2.80 
2.15 4.95 
0.02 4.97 
0.62 5.59 


x K°h+h- (BaBar) 
y K °h+h- (BaBar) 


2.52 8.11 
0.69 8.79 


R M {K+i-u) J 


0.09 8.88 




7.43 16.31 
0.26 16.57 


R M /y/ R D/ 'v^cosS (CLEOc) 


5.82 22.39 


R+/x' 2 +/y'+ (Babar) 
R D /x' 2 -/y'- (Babar) 
R+/x' 2 +/y'+ (Belle) 
R D /x' 2 -/y'- (Belle) 
R D lx' 2 /y' (CDF) 


2.33 24.71 
1.55 26.27 
4.16 30.43 
1.13 31.55 
0.34 31.89 
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8.2 Excited Mesons 



Tables I149H1511 represent a summary of recent results. For a complete list of related publica- 
tions, see Ref. [5]. All upper limits (U.L.) correspond to 90% confidence (C.L.) unless otherwise 
noted. The significances listed are approximate; they are calculated as either \J — 2A log C or 
2 , where A represents the change in the corresponding minimized function between two 
hypotheses, e.g., those for different spin states. 

The broad charged J p = 1 + cd state is denoted _Di(2430) + , although it has not yet been ob- 
served. The masses and widths of narrow states D 1 (2420) ± , £>i(2420)°, Z^(2460)°, J D*(2460) ± 
are well-measured, and thus only their averages are given [5j. The same holds for the wide state 
D5(2400)°. On the other hand for D^(2400) ± and £>i(2430)° the only dedicated measurements 
available are from [441] and [442] . respectively, and hence these measurements are quoted sep- 
arately. New precise measurements of masses and widths of D2(2A60)° and -Dq(2400)° became 
available recently |443] and are included in the weighted averages^ shown in Fig. EU In these 
averages also the mass of _Di(2420)° from [445] is usec@ 

The masses and widths of narrow (r ~ 20-40 MeV) orbitally excited D mesons (denoted 
D**), both neutral and charged, are well established. Measurements of broad states (r ~ 
200-400 MeV) are less abundant, as identifying the signal is more challenging. There is a 
slight discrepancy between the _Dq(2400)° masses measured by the Belle [441] and FOCUS [442J 
experiments. No data exists yet for the D 1 (2430) =t state. Dalitz plot analyses of B — > D^ixix 
decays strongly favor the assignments + and 1 + for the spin-parity quantum numbers of the 
D* (2400) °/£>o (2400) ± and £>i(2430)° states, respectively. The measured masses and widths, 
as well as the J p values, are in agreement with theoretical predictions based on potential 
models [ 436] I447j I448[ 14491 1450] . The quantitative information on the values of branching 
fractions for all D** mesons is scarce. In Fig. EH we include the available measurements from 
[EH H51] for £>i(2420)° and from [HH [S3] for J D*(2460)°. While the branching fractions for 
B mesons decaying to a narrow D** state and a pion are similar for charged and neutral B 
initial states, the branching fractions to a broad D** state and ir + are much larger for B + than 
for B°. This may be due to the fact that color-suppressed amplitudes contribute only to the 
B + decay and not to the B° decay (for a theoretical discussion, see Ref. [4521 1453] ). 

The first observations of D s i(2460) ± and D* (2317) ± states are described in Refs. [454] 
and [455] . respectively. The discoveries of the Z)* (2317) ± and -D s i(2460) ± have triggered in- 
creased interest in properties of, and searches for, excited D s mesons (here generically denoted 
D**). While the masses and widths of D< i i(2536) ± and _D S 2(2573) ± states are in relatively good 
agreement with potential model predictions, the masses of D* (2317) ± and D sl (2460) ± states 
(and consequently their widths, less than around 5 MeV) are significantly lower than expected 
(see Ref. [456] for a discussion of cs models). Moreover, the mass splitting between these two 
states greatly exceeds that between the D s i(2536) ± and _D S 2(2573) ± . These unexpected prop- 
erties have led to interpretations of the D* (2317) ± and D s i(2460) ± as exotic four-quark states. 
Measurements of masses (and the width of D S 2(2573) ± ) are averaged by the PDG [5]. In the 
averages shown in Fig. E2] we include the mass measurement of D* (2317) ± and D s i(2460) ± 
from Widths of other D** mesons are below the current experimental sensitivity and 

33 We calculate the weighted average of the PDG [444] and Ref. |443j values. 

34 PDG does not use values from [445] since they are measured relative to the mass of D(*)± mesons. 

35 We calculate the weighted average of the PDG 444 and Ref. [457] values. The latter are excluded from 

(*) 

the PDG average since they are measured relative to the mass of D s mesons. 
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Figure 61: Masses, widths and some branching fractions of orbitally excited D mesons. Shaded 
regions show the masses and widths of individual states. The central point with error bars 
denotes the measured mass of each state. Error bars at the edges of the shaded regions denote 
the uncertainties of the width determination. Divided arrows denote relative branching ratios 
for the final states marked. 



the obtained upper limits are quoted separately. 

While there are few measurements with respect to the J p values of D* (2317) ± and -D s i(2460) ± , 
the available data favors + and 1 + , respectively. A molecule-like (DK) interpretation of the 
Z^* (2317) ± and (2460)^ 1458^1459] that can account for their low masses and isospin-breaking 
decay modes is tested by searching for charged and neutral isospin partners of these states; thus 
far such searches have yielded negative results. Hence the subset of models that predict equal 
production rates for different charged states is nominally excluded. The molecular picture can 
also be tested by measuring the rates for the radiative processes -D* (2317) ± /-D s i(2460) ± — > 
Da 'y and comparing to theoretical predictions. The predicted rates, however, are below the 
sensitivity of current experiments. Another model successful in explaining the total widths 
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and the .D* (2317) ± -.D s i(2460) ± mass splitting is based on the assumption that these states 
are chiral partners of the ground states and -0*^ 1460] . While some measured branching 
fraction ratios agree with predicted values, further experimental tests with better sensitivity 
are needed to confirm or refute this scenario. 

In addition to the D* (2317) ± and _D s i(2460) ± states, other excited D s states may have been 
observed. SELEX has reported a D sJ (2632) ± candidate [46 1J, but this has not been confirmed 
by other experiments. Belle and BaBar have observed _D s j(2700) ± and D s j(28Q0) ± states 
[462] 1463] , which may be radial excitations of the D*^ and D* (2317) ± , respectively (see for 
example |464j ). However, the D s j(2860) ± has been searched for in B decays and not observed, 
which may indicate that this state has higher spin. Recently new precise measurements of 
D sJ {2im) ± and J D sJ (2860) ± properties were performed by BaBar [465J. The weighted average 
of the results from @62j H65] is M( J D s i(2700) ± ) = (2709 ± 8) MeV/c 2 and r(D s i(2700) ± ) = 
(126 ±31) MeV. In the same paper BaBar observes another state, denoted _D< ( j(3040) ± , with a 
significance of 6 standard deviations. According to calculations of |464] this state is a candidate 
for the radial excitation of -D< j i(2460) ± or _D sl (2536) ± . 

The existing studies of -D s i(2460) ± provide for sufficient information that the individual 
branching fractions are calculated by HFAG; they are shown in Fig. [62J Beside this the relative 
branching ratios of D s i(2536) ± are shown [4661 467J. Measurements of individual branching 
fractions of D** are difficult due to the unknown fragmentation of cc — > D** (in the studies 
where D** mesons are produced in cc fragmentation) or due to the unknown B — > D**X 
branching fractions (in the studies where D** are produced in B meson decays). 
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Figure 62: Masses, widths and some branching fractions of orbitally excited D s mesons. 
Shaded regions show the masses and widths of individual states (U.L. on the widths in case 
of J D S * (2317) ± , J D si (2460) ± , and D sl (2536) ± ). The central point with error bars denotes the 
measured mass of each state. Error bars at the edges of the shaded regions denote the un- 
certainties of the width determination. Arrows (divided arrows) denote branching fractions 
(relative branching ratios) for the final states marked. 
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Table 149: Recent results for properties of D** mesons. 



Main results 


Reference 


Comments 


Masses 
[McV/c 2 ], 
widths 
[MeV] 


M(Z?*(2400) U ) : 2352 ± 50; r(D*(2400) u ) : 261 ± 50 
M(L>*(2460)°) : 2461.1 ± 1.6; r(D*(2460)°) : 43 ± 4 
Af(D^(2460) ± ) : 2460.1 r(/J^(2460) ± ) : 37 ±6 
M(L>i(2420)°) : 2422.3 ± 1.3; T(D 1 (2420)°) : 20.4 ± 1.7 
M(L>i(2420) ± ) : 2423.4 ±3.1; r(Z?i(2420) ± ) : 25 ± 6 


[444] 


PDG average; 
to M(/J*(2400)°) and 
r(/J^(2400)°) from 1442] 
also -Di(2430)° may contribute 


M{D 1 (2430) u ) : 2427 ± 26 ± 20 ± 15 
T(D 1 (2430)°) : 384 ± ^ ± 24 ± 70 


m 


last error due 
to Dalitz model 


A/(/J(5(2400) ± /Di(2430) ± ) : 2403 ± 14 ± 35 
r(DS(2400) ± /L'i(2430) ± ) : 283 ± 24 ± 34 


|442] 


DS(2400) ± //Ji(2430) ± may 
contribute to signal 


M(£>|(2460) ± ) : 2463.3 ± 0.6 ± 0.8 
M(Di(2430)°) : 2421.7 ± 0.7 ± 0.6 


[445] 


M measured 
relative to M w ± 


Branching 
fractions 

[io- 4 ] 


B~ -> D*(2400) u 7r-, 
L»^(2400)° D+n- : 6.1 ± 0.6 ± 0.9 ± 1.6 

B~ -> £)|(2460)°7r- J 
L»^(2460)° D+n- : 3.4 ± 0.3 ± 0.6 ± 0.4 

B~ -> £>i(2420)°7r-, 
£>i(2420)° -> D*+n- : 6.8 ± 0.7 ± 1.3 ± 0.3 

B — > L>2{24:bU) ir , 
£>f (2460)° -> D*+?r- : 1.8 ± 0.3 ± 0.3 ± 0.2 

B~ L»i(2430)°7r- 
£>i(2430)° -> D*+n- : 5.0 ± 0.4 ± 1.0 ± 0.4 


[441] 




B -> /J|(2460)+7r-, 
L»5(2460)+ -> L> 7r+ : 2.15 ± 0.17 ± 0.29 ± 0.12 

B° -> /J(5(2400)+vr- 
L>S(2400)+ -> L> 7r+ : 0.60 ± 0.13 ± 0.15 ± 0.22 


468 


last error due 
to Dalitz model; 
Af(/J5(2400) ± ) = M(£>S(2400)°), 
r(/J^(2400) ± ) = r(L>S(2400)°) 
assumed 


B~ -> L>i(2420) u 7r-, 
L>i(2420)° -> L>°7r+7r- : 1.85 ± 0.29 ± 0.35 ± 

71° -> Di(2420)+7r-, 
L»i(2420)+ -> D+tt+tt- : 0.89 ± 0.15 ± 0.17 ± 


BSD 


last error due to 
possible 7^(2460)°, 
D5(2460) ± contr. 


B~ -> D|(2460) u 7r-, 
£>|(2460)° D+tt- : 3.5 ± 0.2 ± 0.2 ± 0.4 

B~ -> ^(2400)°7T-, 
L»(5(2400)° 7J+7T- : 6.8 ± 0.3 ± 0.4 ± 2.0 


[443] 


last error due to 
Blatt-Weisskopf factors and 
sig./bkg. composition 


Quantum 
numbers 
(J P ) 


£>i5(2400) u : 0+ 
£>i(2430)° : 1+ 
L>S(2400) ± : 0+ 


[441] 


+ preferred over 1~ , 2 + 
with sign. > 10cx 


1 + preferred over 0~, 1~, 2 + 
with sign. > lOcr 


[468] 


+ preferred over 1~, 2 + 
with sign. ~ 5ct 
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Table 150: Recent results for masses and branching fractions of excited D s mesons. 



Main results 


Reference 


Comments 


Masses 
[MeV/c 2 ], 
widths 
[MeV] 


M( J D* (2317) ± ) : 2318.0 ± 1.0 
M(L> sl (2460) ± ) : 2459.6 ±0.9 
M(L> s i(2536) ± ) : 2353.12 ±0.25 
M(L> s2 (2573) ± ) : 2572.6 ±0.9 
T(D s2 (2573) ± ) : 20 ± 5 


|444j 


PDG average 


M(L>* (2317) ± ) : 2317 
r(^ (2317) ± ) 

M(L> s i(2460) ± ) : 2459 
T( J D sl (2460) ± ) 


2 ±0.5 ±0.9 

< 4.6 

9 ±0.9 ±1.6 

< 5.5 


4^7 


A// rnpfi Qn rpn TP 1 £1 Tl "XT' A 

to MiD^ 


r(£>* (2317)*) 
r(i? sl (2460) ± ) 


< 3.8 

< 3.5 


14691 


95% C L U L 


r(i? sl (2536) ± ) 


< 2.3 


470 




M(D sJ (2700) ± ) : 2710 ± 2 ± \ z ; r(D sJ (2700) ± ) : 149 ± 7 ± ^ 

M(L> sJ (2860) ± ) : 2862 ± 2 ± \ - r(D sJ (2860) ± ) : 48 ± 3 ± 6 
M(D sJ (3040) ± ) : 3044±8± 3 °; r(L> sJ (3040) ± ) : 239 ± 35 ± f ? 


465 


0^(3040)* sign. 

6 CT 


M( J D sJ (2700) ± ) : 2708±9± \ x n ; r(Z) s , 7 (2700) ± ) : 108 ± 23 ± ™ 


462 




M{D sJ {2632) ± ) : 2632.5 ± 1.7; r(D s , 7 (2700) ± ) :< 17 


[46ij 


not seen by other exp's; 
sys. err. not given 


Branching 
fractions 

[itr 4 ] 

unless otherwise 
noted 


Z? sl (2460) i -> D* + 7r u : (48 ± 11)% 
£> s i(2460) ± -> D+j : (18 ±4)% 
Z) ;5 i(2460) ± -> D+vr+vr- : (4.3 ± 1.3)% 
D s i(2460) :t -> £>* (2317) :t 7 : (3.7 ± ?4 )% 


14441 




B u -> Z)- J D s0 (2317)+, D s0 (2317)+ D+tt" : 8.6 ± * J ± 2.6 
5° -> L>-L> s i(2460) + ,L> s i(2460)+ -> L>*+7r° : 22.7 ± ^ ±6.8 
B° -> L>-D s i(2460)+,D s i(2460)+ L>+ 7 : 8.2 ± \ f ± 2.5 


14711 


further br. frac. for 
B°, B ± in paper 


R° — s> D~ D n('931 7"l+ D n ( , ?31 7 s ! + — ^ D+7r u ■ 1 8 + 4 + 3 + b 
B° -> D~D sl (2460)+, D sl (2460)+ -> L>*+7r° : 28±8±5± ™ 
B° -> £>-£> ;s i(2460) + , D s i(2460)+ -> L>+ 7 : 8 ± 2 ± 1 ± 3 


|472j 


further br. frac. for 
B°, B ± in paper; 
last error 
from B{D 1 D+) 


= 0.55 ± 0.13 ± 0.08 

B(£> 3 i(2460)± -tD.i") 

B(D, i( 2460)^d:^°) = 0J4 ± - 04 ± - 02 
In 1^nS|«ln Sl St"n^!^l = 1-05 ± 0.32 ± 0.06 


457 




B D S * (2317) ± X+, £> s * (2317)* -> ^+tt u : 
0.53 ± ±0.07 ±0.14 
B -> D s i(2460) ± if = F ! b sl (2460) ± -> L>+ 7 : < 0.094 


[473] 


last error due 
to B(Df ) 


<t(d: (2317) ± )S(D: (2317) ± ^_D + 1 t u ) _ (7 9 ± 1 1 ± q 4) 10" 2 
CT (I3 s i(2460) ± )S(D 3 i(2460) ± - ) -D: ± 7 r ) _ (0 5 ± Q 9 ± Q 1) 1[T 2 


[455] 




B(D 3l {2536)±^D±n + K±) _ /„ 07 + n + 
B(Z5, 1 (2536)±^_D*±K») _ (.-W ± U.18 ± U.dg/o 


466 


B £> s i(2536) ± L>+ : 1.71 ± 0.48 ± 0.32 
B -> £> sl (2536) ± L>* =F : 3.32 ± 0.88 ± 0.66 

B+ ->■ L» s i(2536) + i5 : 2.16 ± 0.52 ± 0.45 

B+ -> D sl (2536)+zf° : 5.46 ± 1.17 ± 1.04 


[474J 


1^31(2536)^ — > D U K + used; 
br. frac. with 

£> s i(2536)+ L>*+/-i: 

in paper 


B(D 3 i(2536) + ->_D* u if+) _ , 00 1 n 47 1 n no 
S(D 3l (2536) + ^n* + /f°) ~~ i " 3Z 3= 3= U.ZO 


467 

I S 




£+ D aJ (2700)+5 u , £> sJ (2700)+ ->■ D°K + : 11.3 ± 2.2 ± ^ 


462 


(2460)^^7) = 0.337 ± . 036 ± 0.038 
Tn ( ^2tr J A+ + o 7r ? = 0-077 ± 0.013 ± 0.008 

S(D 3 i(2460)±^DtTr°7) 


14691 


95% C T; TI L 

U \J / U v . J_j . \J . J_j . 


B(D s i(2460) :t ->■ £T7r u ) = (56 ± 13 ± 9)% 
S(D sl (2460) ± -> D+ 7 ) = (16 ± 4 ± 3)% 


um 




B(D 3j (2632)^,D u K+) _ ni. + n Aft 
S(D 3j (2632) + ^ 3 + t) ) "^O^ ' 06 


[461] 


not seen by other exp's; 
sys. err. not given 


B(Z5 3j (2700) ± ^D* u K+) _ n01 , n1 o + n1 o 
D s j (2700)+ ^D"K+) ~ U - 9i ± U ' ici ± UAZ 

B(D sJ (2S60) ± ^D*°K+) _, 1 n , n 1 r 1 n 1 
15, ,(2860)±^D»A'+) -L- 111 ± U ' i;:) ± U - iy 


[465] 





Table 151: Recent results for quantum numbers of excited D s mesons. 



Main results 






Quantum 
numbers 


A L =2{D sl {2536) I ^D' I K s ) 
A L= o(D Bl (2536) ± ^D'±K s ) ~ 

= (0.63 ± 0.07 ± 0.02)Exp[±i(0.76 ± 0.03 ± 0.01)] 


[473J 


D-/S-wave amp. ratio 


(J P ) 


^* (2317) ± :0+,l-,2+,... 


|454j 


natural based 
on J p conserv. 




L> s i(2536) ± : l+.l" 


|474j 


1~ preferred over 2 + 
with sign. ~ 4<r; 

1 + preferred over 2~ 
with sign. ~ 3<r; 




0^(2700)* : 1- 


4G2 


1~ preferred over + ,2 + 
with sign. > lOer 




D, J (2700) ± , £> sJ (2860) ± : 1", 2+,... 


[465] 


natural J 1 " preferred 
based on helicity angle 
distrib.; + ruled out 
due to D aJ -> D*K 




J D s i(2460) ± : 1+ 


|471| 


1 + preferred over 2~ 
with sign. ~ 6<7 




D sl (2460)* : J ^ 


|469j 


0~ disfavored with 
sign. ~ 5cr ; 
assuming decay 
£) s i(2460) ± ->■ D^tt 
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8.3 Semileptonic Decays 



8.3.1 Introduction 

Semileptonic decays of D mesons involve the interaction of a leptonic current with a hadronic 
current. The latter is nonperturbative and cannot be calculated from first principles; thus it is 
usually parameterized in terms of form factors. The transition matrix element is written 

M = -i Q= V cq L^H^ , (194) 

where Gf is the Fermi constant and V cq is a CKM matrix element. The leptonic current L M 
is evaluated directly from the lepton spinors and has a simple structure; this allows one to 
extract information about the form factors (in H ) from data on semileptonic decays [476] . 
Conversely, because there are no final-state interactions between the leptonic and hadronic 
systems, semileptonic decays for which the form factors can be calculated allow one to deter- 
mine V 0. 



8.3.2 D^Piv Decays 

When the final state hadron is a pseudoscalar, the hadronic current is given by 



H„ = (P(p)Wc\D(p')) = / + (, 2 ) 



1 



+ h{ q 2 ) Ml q2 m% - g%L95) 



where Mp and p' are the mass and four momentum of the parent D meson, mp and p are those 
of the daughter meson, f+(q 2 ) and fo{q 2 ) are form factors, and q = p' — p. Kinematics require 
that /+(0) = /o(0). The contraction q^L^ results in terms proportional to m^ |477j . and thus 
for £ = e, \i the last two terms in Eq. H195[) are negligible. Thus, only the f+(q 2 ) form factor is 
relevant. The differential partial width is 



dT(D -> PiVj) G 2 F \V C 12 
dq 2 d cos 9 1 327T 



Cql P* 3 \U(q 2 )\ 2 ^6 2 , (196) 



where p* is the magnitude of the momentum of the final state hadron in the D rest frame. 

The form factor is traditionally parametrized with an explicit pole and a sum of effective 
poles: 



= r 1 1 h - + E i 2,f k 2 T , (197) 

l — a \ 1 — q l mi, ) ^— ' 1 — q 1 hk mi,) 



where pk and jk are expansion parameters. The parameter m po i e is the mass of the lowest-lying 
cq resonance with the appropriate quantum numbers; this is expected to provide the largest 
contribution to the form factor for the c—>q transition. For example, for D — > n transitions 
the dominant resonance is expected to be D*, and thus m pole = m D *. 



8.3.3 Simple Pole 

Equation ( 11971) can be simplified by neglecting the sum over effective poles, leaving only the 
explicit vector meson pole. This approximation is referred to as "nearest pole dominance" or 
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"vector-meson dominance." The resulting parameterization is 



Utf) = n /+ 2 / 0) 2 v ( 198 ) 

(1 - q 2 /m 2 pole ) 

However, values of m po i e that give a good fit to the data do not agree with the expected vector 
meson masses [478J. To address this problem, the "modified pole" or Becirevic-Kaidalov (BK) 
parameterization [479] was introduced. This parametrization assumes that gluon hard-scattering 
contributions (6) are near zero, and scaling violations ((3) are near unity [478j : 



The parameterization takes the form 



(199) 



= (T^fcl 1 -^, 1 - (200) 

To be consistent with 1 + 1//? — <5~2, the parameter a BK should be near the value 1.75. 

This parameterization has been used by several experiments to determine form factor pa- 
rameters. Measured values of m pole and 

^BK 

listed Tables £52] and £53] for D ->■ Kiv 
and D — > tt£v decays, respectively. Both tables show a BK to be substantially lower than the 
expected value of ~ 1.75. 

Table 152: Results for m po i e and «bk from various experiments for D° — > K~£ + v and D + — > 
Kgl + v decays. The last entry is a lattice QCD prediction. 



D Kiv Expt. Ref. m pole (GeV/c 2 ) a 



BK 



CLEO III 


|48()| 


1.89 ±0.05+^ 


0.36 ±0.10+^ 


FOCUS 


|481| 


1.93 ±0.05 ±0.03 


0.28 ±0.08 ±0.07 


BELLE 


|482| 


1.82 ±0.04 ±0.03 


0.52 ±0.08 ±0.06 


BaBar 


|483| 


1.884 ±0.012 ±0.016 


0.377 ±0.023 ±0.031 


CLEO-c (D° -> K+) 


|484j 


1.943j#ra3 ± 0.011 


0.258±g;g|| ± 0.020 


CLEO-c (D° -> K+) 


ps| 


1.97 ±0.03 ±0.01 


0.21 ±0.05 ±0.03 


CLEO-c (D+ -»■ Ks) 


|484| 


2.02+°;^ ±0.02 


0.1271^04 ± 0.031 


CLEO-c (D+ -»■ K s ) 


|485| 


1.96 ±0.04 ±0.02 


0.22 ±0.08 ±0.03 


Fermilab lattice/MILC/HPQCD 


|486j 




0.50 ±0.04 



8.3.4 z Expansion 

Several groups have advocated an alternative series expansion around some value q 2 = t to 
parameterize /, |487l [488, 489] 1476] . This expansion is given in terms of a complex parameter 
Z, which is the analytic continuation of q 2 into the complex plane: 
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Table 153: Results for m pole and q;bk from various experiments for D° — > n £ + v and D + — > 
7i°t + v decays. The last entry is a lattice QCD prediction. 

D —7- ixtv Expt. Ref. m po i e (GeV/c 2 ) «bk 

CLEO III Ha L86^™ 0^7™ ± 0.15 

FOCUS [481] 1.91±g;?g ± 0.07 

BELLE [182] 1.97 ± 0.08 ± 0.04 0.10 ± 0.21 ± 0.10 

CLEO-c (D° 7T+) [183] l-94llg;°g ± 0.009 0.20l°i° ± 0.03 

CLEO-c (D° -> 7T+) 1.87 ±0.03 ±0.01 0.37 ± 0.08 ± 0.03 

CLEO-c (L> + — > 7T°) [Hi] 1.99+^ ±0.06 0.05^ ± 0.13 

CLEO-c (£>+ 7T°) [485] 1.97 ±0.07 ±0.02 0.14 ± 0.16 ± 0.04 

Fermilab lattice/MILC/HPQCD [486J 0.44 ± 0.04 



where t± = (Mfl±m/,) 2 and to is the (arbitrary) g 2 value corresponding to z = 0. The physical 
region corresponds to \z\ < 1. 

The form factor is expressed as 

^ oo 

u(q2) = TO ^' MW ' ll>1 ' (202) 

where the P{q 2 ) factor accommodates sub-threshold resonances via 

[z(g 2 ,M 2 ,) (D^K). 

The "outer" function <ft(t,to) can be any analytic function, but a preferred choice (see, e.g. 
Refs. [487L 148811490] ) obtained from the Operator Product Expansion (OPE) is 

<p(q 2 ,t ) = a (y*+ - Q 2 + - *o) x 

U-q 2 (VU^ + VU^tZ) 3/2 



(204) 



with a = \/ 7rm 2 /3. The OPE analysis provides a constraint upon the expansion coefficients, 
J2k=o a k — 1- These coefficients receive 1/M corrections, and thus the constraint is only ap- 
proximate. However, the expansion is expected to converge rapidly since \z\ < 0.051 (0.17) for 
D —7- K (D — > 7r) over the entire physical q 2 range, and Eq. (12021) remains a useful parameteri- 
zation. 

The z-expansion formalism has been used by BaBar [483] and CLEO-c [485J. Their fits 
used the first three terms of the expansion, and the results for the ratios r\ = ai/ao an d 
T2 = 0,2/0-0 are listed in Table [T541 The CLEO III |480j results listed are obtained by refitting 
their data using the full covariance matrix. The BaBar correlation coefficient listed is obtained 
by refitting their published branching fraction using their published covariance matrix. These 
measurements correspond to using the standard outer function 0(g 2 ,to) of Eq. (12041) and t = 
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t + ^1 — a/1 — t-/t + j . This choice of t constrains \z\ to be below a maximum value within the 
physical region. 

Table 154: Results for r\ and r2 from various experiments, for D — > -rKIv. The correlation 
coefficient listed is for the total uncertainties (statistical © systematic) on r 1 and r 2 . 



Expt. 


mode 


Ref. 


n 


T2 


P 


CLEO III 




|48()| 


u - z -3.0 


00+104 

oy -120 


-0.99 


BaBar 




|483| 


-2.5 ±0.2 ±0.2 


0.6 ±6. ±5. 


-0.64 


CLEO-c 




|485j 


-2.4 ±0.4 ±0.1 


21 ±11 ±2 


-0.81 


Average 






-2.3 ±0.23 


5.9 ±6.3 


-0.74 


CLEO-c 
CLEO-c 
CLEO-c 


D+^K S 

D+ ^7T° 


|485| 
|485| 
|485j 


-2.8±6±2 
-2.1±7±3 
-0.2 ± 1.5 ±4 


32 ± 18 ± 4 
-1.2 ± 4.8 ± 1.7 
-9.8 ±9.1 ±2.1 


-0.84 
-0.96 
-0.97 



Table [151] also lists average values for r\ and r 2 obtained from a simultaneous fit to CLEO III, 
BaBar, and CLEO-c branching fraction measurements. To account for final-state radiation in 
the BaBar measurement, we allow a bias shift between the fit parameters for the BaBar data 
and those for the other measurements (a \ 2 penalty is added to the fit for any deviation 
from BaBar 's central value). Table IT541 shows satisfactory agreement between the parameters 
measured for D° and D + decays. 



8.3.5 D^Viv Decays 

When the final state hadron is a vector meson, the decay can proceed through both vector and 
axial vector currents, and four form factors are needed. The hadronic current is = V fl + 
where |477] 

2V(q 2 " 



V„ 



{V{p,e)\q^c\D{p')) 



-e 



M D ± m h 



(205) 



-4, 



(V^,e)|-g 7 VcW)) = -i{M D + m h )A x {q 2 )e 



,2\_* 



± % 



(£*•<?)(?' ±pV 

M D ± m h 

- h (A 3 (q 2 ) - A (q 2 )) [e* -iff +p)]q,. (206) 



± i 



In this expression, is the daughter meson mass and 



AM 



A 2 (q 2 ) ■ 



2m h ' 2m h 

Kinematics require that A 3 (0) = A (0). The differential partial width is 
dT(D V£v t ) 



(207) 



dq 2 d cos 9 1 



r 2 It/ i 2 

I v cq\ * 2 
1287T3M2 P q X 



cos 9f 



\H\ 2 ± 



cos 6 1 



\H + \ 2 + sin 2 6 e \H \ 



(208) 
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where H ± and H are helicity amplitudes given by 

1 



H 4 



M D + m h 
1 



[(MB + mufA^q 2 ) T 2M D p*V(q 2 )] 



(209) 



Ml 



\q\ 2m h (M D + m h ) 



±P* 2 A 2 (q 2 ) 



(210) 



The left-handed nature of the quark current manifests itself as \H_\ > \H + \. The differential 
decay rate for D — > Viv followed by the vector meson decaying into two pseudoscalars is 



dY[D^Viv,V ^P X P 2 ) 
dq 2 d cos 6yd cos did\ 



2 p*(q 2 )q 2 



2048vr 4 ' cq 



X 



{(l + cos^) 2 sin 2 9 v \H + (q ;i 
+ (1 -cos^) 2 sin 2 v |F_(g : 



2\\2 

.2M2 
,2^2 



4 sin 2 ^ cos 2 ^|^o(g 2 )| 2 

I- 4 sin 6^(1 + cos^) sin #y cos 6y cos xH+(q 2 )H (q 2 

_ ,1 fl./l _ ™ C fl^ oin fl., OrtO fl„ ™ C ■»/ W tr^Wf^l, 



+ 4sin0^ , — ~„ ,^ UV1 , 

— 4 sin 6^(1 — cos 6^) sin6V cos6V cos xH-(q 2 )H (q 2 ) 
- 2sin 2 ^sin 2 ^ y cos2xi/ + (g 2 )i/-(g 2 )} , (211) 
where the angles 9 e , 9 V , and x are defined in Fig. T 



3 + 



w 







K 1 






'Yv 1 


V 







Figure 63: Decay angles By, Qi and x- Note that the angle x between the decay planes is 
defined in the Z)-meson reference frame, whereas the angles 6 V and 8 e are defined in the V 
meson and W reference frames, respectively. 

Assuming that the simple pole form of Eq. fl 1 9 8 [) describes the g 2 -dependence of the form 
factors, the distribution of Eq. ( 12 lip will depend only on the parameters 

ry = V(0)/A 1 (0), r 2 = A 2 (0)/A 1 (0) . (212) 

Table 11551 lists measurements of ry and r 2 from several experiments. The average results from 
D + — > K £ + u decays are also given. The measurements are plotted in Fig. [M] which shows 
that they are all consistent with one another. 
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Table 155: Results for ry and T2 from various experiments. 



Exp eriment 


rtei. 




'"2 


D + K*°l + v 








E691 


14911 


2 0± 6± 3 


0± 5± 2 


E653 


14921 


2.00± 0.33± 0.16 


0.82± 0.22± 0.11 


E687 


[493J 


1.74± 0.27± 0.28 


0.78± 0.18± 0.11 


E791 (e) 


[494] 


1.90± 0.11± 0.09 


0.71± 0.08± 0.09 


E791 (n) 


[495] 


1.84±0.11±0.09 


0.75±0.08±0.09 


Beatrice 


(496] 


1.45± 0.23± 0.07 


1.00± 0.15± 0.03 


FOCUS 


|497j 


1.504±0.057±0.039 


0.875±0.049±0.064 


Average 




1.62±0.055 


0.83±0.054 


D° -»■ Ttir-n+u 








FOCUS 


[498] 


1.706±0.677±0.342 


0.912±0.370±0.104 










BaBar 


|499j 


1.636±0.067±0.038 


0.705±0.056±0.029 


D°,D + pev 








CLEO 


[500] 


1.40±0.25±0.03 


0.57±0.18±0.06 



8.3.6 S-Wave Component 

In 2002 FOCUS reported [501j an asymmetry in the observed cos(0y) distribution. This is 
interpreted as evidence for an 5-wave component in the decay amplitude as follows. Since Hq 
typically dominates over H±, the distribution given by Eq. ( 12 lip is, after integration over x, 
roughly proportional to cos 2 9y. Inclusion of a constant 5-wave amplitude of the form Ae l5 
leads to an interference term proportional to \AHq sin 0i cos 9v\] this term causes an asymmetry 
in cos(6V). When FOCUS fit their data including this 5-wave amplitude, they obtained A = 
0.330 ± 0.022 ± 0.015 GeV" 1 and 5 = 0.68 ± 0.07 ± 0.05 [497] . 

More recently, both BaBar [502J and CLEO-c [503J have also found evidence for an f Q 
component in semileptonic D s decays. 

8.3.7 Model- independent Form Factor Measurement 

Subsequently the CLEO-c collaboration extracted the form factors H + (q 2 ), H_(q 2 ), and H (q 2 ) 
in a model-independent fashion directly as functions of q 2 [504] and also determined the S- wave 
form factor ho(q 2 ) via the interference term, despite the fact that the Kit mass distribution 
appears dominated by the vector K* (892) state. Their results are shown in Figs. [66] and [65] 
Plots in Fig. [66] clearly show that Ho(q 2 ) dominates over essentially the full range of q 2 , but 
especially at low q 2 . They also show that the transverse form factor H t (q 2 ) (which can be 
related to A 3 (q 2 ) is small (compared to Lattice Gauge Theory calculations) and suggest that 
the form factor ratio = A^(0)/Ai(0) is large and negative. 

The product Ho(q 2 ) x ho(q 2 ) is shown in Fig. [65] and clearly indicates the existence of ho(q 2 ), 
although it seems to fall faster with q 2 than H (q 2 ). The other plots in that figure show that 
D- and F-wave versions of the S-wave h (q 2 ) are not significant. 
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Figure 65: Model-independent form factors ho(q 2 ) measured by CLEO-c |504j . 
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$ure 66: Model-independent form factors H(q 2 ) measured by CLEO-c [504j . 
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8.4 CP Asymmetries 



CP violation occurs if the decay rate for a particle differs from that of its CP-conjugate [5"05] . 
In general there are two classes of CP violation, termed indirect and direct [506] . Indirect CP 
violation refers to AC = 2 processes and arises in D° decays due to D°-D° mixing. It can 
occur as an asymmetry in the mixing itself, or it can result from interference between a decay 
amplitude arising via mixing and a non-mixed amplitude. Direct CP violation refers to AC = 1 
processes and occurs in both charged and neutral D decays. It results from interference between 
two different decay amplitudes (e.g., a penguin and tree amplitude) that have different weak 
(CKM) and strong phases^). A difference in strong phases typically arises due to final-state 
interactions (FSI) [507] . A difference in weak phases arises from different CKM vertex couplings, 
as is often the case for spectator and penguin diagrams. 



The CP asymmetry is defined as the difference between D and D partial widths divided by 
their sum: 

A = T{D) ~ (213) 
CP T(D) + T(D)' { } 

However, to take into account differences in production rates between D and D (which would 
affect the number of respective decays observed), experiments usually normalize to a Cabibbo- 
favored mode. In this case there is the additional benefit that most corrections due to ineffi- 
ciencies cancel out, reducing systematic uncertainties. An implicit assumption is that there is 
no measurable CP violation in the Cabibbo-favored normalizing mode. The CP asymmetry is 
calculated as 

A = V{D) - V M (214) 
17(2?)+ 17(D)' 

where (considering, for example, D° — > K~K + ) 

, . N(D° K-K+) , s 

V(D) = I - (215) 



_ N(D° -»■ K~K+) , . 

V (D) = —-L. (216) 



N(D° -> K~tt^ 
N(D° -»■ K-K 
N(D° -+ K+tt- 

In the case of D + and D+ decays, A CP measures direct CP violation; in the case of D° decays, 
A CP measures direct and indirect CP violation combined. Values of A CP for D + , D° and D 
decays are listed in Tables 1156} 11571 and 11581 respectively. 



36 The weak phase difference will have opposite signs for D — > f and D — > f decays, while the strong phase 
difference will have the same sign. As a result, squaring the total amplitudes to obtain the decay rates gives 
interference terms having opposite sign, i.e., non-identical decay rates. 
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Table 156: CP asymmetries A CP = [T(D + ) - T(D~)]/[V(D + ) + T{D~)] for D ± decays. 



Mode 


Year 


Collaboration 


4 


D+ -> 




2008 


CLEOc 508 


+0.08 ±0.08 


D+ -> 




2010 


BELLE [509 


-0.0071 ±0.0019 ±0.0020 






2007 


CLEOc |510| 


-0.006 ±0.010 ±0.003 






2002 


FOCUS |511j 
COMBOS average 


-0.016 ±0.015 ±0.009 
-0.0072 ±0.0026 


D+ -> 


K°K+ 


2010 


BELLE [5091 


-0.0016 ±0.0058 ±0.0025 






2002 


FOCUS |511j 
COMBOS average 


+0.071 ±0.061 ±0.012 
-0.0009 ±0.0063 


D+ -> 




1997 


E791 [512j 


-0.017 + 0.042 (stat.) 


D+ -»■ 


K-TV+TV+ 


2007 


CLEOc 510 


-0.005 ±0.004 ±0.009 


D+ -> 


K°TV+TV° 


2007 


CLEO-c [FTO] 


+0.003 + 0.009 + 0.003 


D+ -> 


K + K~tv+ 


2008 


CLEO-c [513] 


-0.0003 + 0.0084 + 0.0029 






2005 


BABAR [514] 


+0.014 + 0.010 + 0.008 






2000 


FOCUS [515) 


+0.006 + 0.011 + 0.005 






1997 


E791 |512j 


-0.014 + 0.029 (stat.) 






1994 


E687 [516] 
COMBOS average 


-0.031 + 0.068 (stat.) 
+0.0039 + 0.0061 


D+ -> 


K-iv+tv+iv 


2007 


CLEOc 510 


+0.010 + 0.009 + 0.009 


£»+ -> 


K°TV + TV + TV- 


2007 


CLEOc 510 


+0.001 + 0.011 + 0.006 


£»+ -> 


K°K+TV + TT- 


2005 


FOCUS 517 


-0.042 + 0.064 + 0.022 
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Table 157: CP asymmetries A CP = [T{D°) - T{D°)]/[T{D°) + T(D )} for D°,D° decays. 



Mode 


Year 


Collaboration 




D° TT+TT- 


2008 
2008 
2005 
2002 
2000 
1998 


BELLE 518 
BABAR |519| 
CDF [520] 
CLEO [437] 
FOCUS [515] 
E791 [521] 
COMBOS average 


+0.0043 ± 0.0052 ± 0.0012 
-0.0024 ±0.0052 ±0.0022 
+0.010 ±0.013 ±0.006 
+0.019 ±0.032 ±0.008 
+0.048 ±0.039 ±0.025 
-0.049 ±0.078 ±0.030 
+0.0022 + 0.0037 


D° -> tv°tv° 


2001 


CLEO [522] 


+0.001 ± 0.048 (stat. and syst. combined) 


D° -> K°tv° 


2001 


CLEO [522] 


+0.001 ± 0.013 (stat. and syst. combined) 


D° — > K+K 


2008 
2008 
2005 
2002 
2000 
1998 
1995 
1994 


BELLE 518 
BABAR |5l9] 
CDF [520] 
CLEO [437] 
FOCUS |515j 
E791 [521] 
CLEO [5231 
E687 [516] 
COMBOS average 


-0.0043 ± 0.0030 ± 0.0011 
+0.0000 ± 0.0034 ± 0.0013 
+0.020 ±0.012 ±0.006 
+0.000 ±0.022 ±0.008 
-0.001 ±0.022 ±0.015 
-0.010 ±0.049 ±0.012 
+0.080 + 0.061 (stat.) 
+0.024 + 0.084 (stat.) 
+0.0016 + 0.0023 


D° -> K°K° 

S S 


2001 


CLEO 1522 

I J 


—0.23 ±0.19 (stat. and syst. combined) 


D° -> 7V + TV-TT 


2008 
2008 
2005 


BABAR [524] 
BELLE [525] 
CLEO 15261 
COMBOS average 


-0.0031 ±0.0041 ±0.0017 
+0.0043 + 0.0130 
+0.001 + nn? ± 0.05 

— U . U I 

-0.0023 + 0.0042 


D° -> K+K-tt 


2008 


BABAR [521] 


0.0100 ±0.0167 ±0.0025 


fl" -> K-7T+7T 


2007 
2001 


CLEOc [510] 
CLEO [527] 
COMBOS average 


+0.002 ±0.004 ±0.008 
-0.031 ±0.086 (stat.) 
+0.0016 + 0.0089 


£>° -> K + TT-TT 


2005 
2001 


BELLE [5281 
CLEO [529] 
COMBOS average 


-0.006 ±0.053 (stat.) 
+0-09±g;|| (stat.) 
-0.0014 + 0.0517 




2004 


CLEO [530] 


-0.009 ± 0.02lig;g^ 


JD° X + TT-TT+Tr- 


2005 


BELLE 528 


-0.018 ±0.044 (stat.) 




2005 


FOCUS [5T7] 


-0.082 ± 0.056 ± .047 
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Table 158: CP asymmetries A CP = [T{D+) - T(Dj)]/[T(D+) + T(D~)] for Df decays. 



Mode 


Year 


Collaboration 


4 


-D+ — > TT + T] 


2008 


CLEOc 531 


-0.082 ±0.052 ±0.008 


D+ TV + T]' 


2008 


CLEOc 531 


-0.055 ±0.037 ±0.012 


D+ -± K°n+ 

S S 


2010 
2007 


BELLE [509 
CLEOc |532j 
COMBOS average 


±0.0545 ±0.0250 ±0.0033 
+0.27 ±0.11 (stat.) 
±0.0653 ±0.0246 


D+ -> K+tv° 


2007 


CLEOc 532 


+0.02 ±0.29 (stat.) 


D+ -> K+ n 


2007 


CLEOc 532J 


-0.20 + 0.18 (stat.) 


D+ K+rj' 


2007 


CLEOc 532 


-0.17+0.37 (stat.) 


D+ K+K° 

s s 


2010 
2008 


BELLE [505] 
CLEOc (531) 
COMBOS average 


+0.0012 + 0.0036 + 0.0022 
+0.049 + 0.021 + 0.009 
+0.0028 + 0.0041 


£)+ — > 7T+7r+7r _ 


2008 


CLEOc 531 


+0.020 + 0.046 + 0.007 


D+ K+ir+ir- 


2008 


CLEOc 531 


+0.112 + 0.070 + 0.009 


D+ K+K n+ 


2008 


CLEOc 531 


+0.003 + 0.011 + 0.008 


D+ K°K-tv+tv+ 


2008 


CLEOc 531 


-0.007 + 0.036 + 0.011 


D+ K+K-tt+ty 


2008 


CLEOc 531 


-0.059 + 0.042 + 0.012 
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8.5 T-violating Asymmetries 



T-violating asymmetries are measured using triple-product correlations and assuming the va- 
lidity of the CPT theorem. Triple-product correlations of the form a ■ (b x c), where a, b, and 
c are spins or momenta, are odd under time reversal (T). For example, for D° — > K + K~tt + tt~ 
decays, Ct = p K + ■ (p n + X p w -) changes sign (i.e., is odd) under a T transformation. The 
corresponding quantity for D° is Ct = P K - • (p n - x P-K+)- Defining 

At = r(c r >0)-r(c T <0) 



for D° decay and 



r(c T > 0) + T(C T < 0) 

_ r(-c 7 r >o)-r(-c ? r <o) 
T r(-c ? T > 0) + r(-c ? T < 0) 



(218) 



for D° decay, in the absence of strong phases either A T ^ or A T ^ indicates T violation. 
In these expressions the T's are partial widths. The asymmetry 

A T - A T , 
^Tvioi = 2 (219) 

tests for T violation even with nonzero strong phases (see Refs. [5331 15341 15351 15361 1537] ). 
Values of ^Tvioi for some D + , Df, and D° decay modes are listed in Table fT59l 



Table 159: T-violating asymmetries A Tviol = (At — A T )/2. 



Mode 


Year 


Collaboration 


4 


D° K+K-K+ir- 


2010 
2005 


BABAR [538] 
FOCUS |517j 
COMBOS average 


+0.0010 ±0.0051 ±0.0044 
+0.010 ±0.057 ±0.037 
+0.0010 + 0.0067 


D+ -> K° s K+ir+ir- 


2005 


FOCUS 517 


+0.023 + 0.062 + 0.022 


D+ -+ K°K+tv+tv- 

s s 


2005 


FOCUS 517 


-0.036 + 0.067 + 0.023 



In summary, Tables I156H1591 show that there is no evidence yet for CP or T violation in the 
charm sector. The most sensitive searches for CP violation have reached a level of sensitivity 
well below 1%. 
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8.6 World Average for the Df Decay Constant fr> s 

The Heavy Flavor Averaging Group has used Belle, BaBar, and CLEO measurements of 
B(Df — > jJi + u) and B(Df — > t + u) to calculate a world average (WA) value for the decay 
constant fr> s . The Belle results are from Ref. [539J, the BaBar results are from Refs. |540[ 1541] . 
and the CLEO results are from Refs. [Ml !5%Ej . 
The value for fjj a is calculated via 



where, for B(Df — i + = /i + or £ + = r + . The error on f Ds is calculated as follows: values 
for variables on the right-hand-side of Eq. ( |220p are sampled from Gaussian distributions having 
mean values equal to the central values and standard deviations equal to their respective errors. 
The resulting values of fc s are plotted, and the r.m.s. of the distribution is taken as the ±lcr 
errors. The procedure is done separately for the WA values of B(Df — )■ fi + v) and B(D+ — >r + z/), 
and for the BaBar value [54Uj of B(Df -» yU + z/). 

The BaBar result is treated separately because the signal yield is normalized to Df — > <p tt + 
decays; thus the measurement is 



To obtain B(Df —¥ /i + z/), one must multiply by B(Df — > 07r + ). However, for this analysis the 
4> is reconstructed via 4>^K + R- with \M K+K _ - = AM KK < 5.5 MeV [535]. For the 
BaBar measurements of B(D+ — ><J)tt + ) [5461 1475] . a mass window AM KK < 15 MeV was used. 
Because the -D+ — xpn + branching fraction depends on AM KK (see Table II of Ref. [531j ). we 
do not multiply together the BaBar results for T(Df — > n + v) /T(D+ — and B(Df — >07r + ); 
instead we use the fact that CLEO has measured the branching fraction B(D+ — > K + K~tt + ) 
for AM KK = 5 MeV. To multiply the BaBar result for T(D+ ->■ fi + i/)/T(D+ -»■ by 
the CLEO result for B(Df -»■ K + K~n + ) requires dividing Eq. (T52ID by B(<f> K+K~) = 
0.491 (as used in Ref. [540] ) and subtracting in quadrature the 1.2% uncertainty in B(<p — > 
K + K~) from the systematic error. In addition, for the result (I22ip BaBar subtracted off 
Df — » / (980)(i^ + i^~)7r + background (48 events); as this process is included in the CLEO 
measurement, these events must be added back in to BaBar's 07r + yield. The BaBar result 
then becomes 
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T{D+-+li+ V ) 

r(L>+ — >(j)7T + ) Babar 



0.143 ±0.018 (stat.) ±0.006 (syst.) . 



(221) 



0.285 ± 0.035 (stat.) ± 0.011 (syst.) . (222) 



T(D+^K+K-n+) 



AM 



KK 



=5.5 MeV 



Multiplying this by CLEO's measurement [531] 



B(D+^K + K-n + ) 



AM 



=5 MeV 



(1.69 ±0.08 ±0.06)% 



(223) 



KK 



gives 




BaBar adjusted 




(224) 
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In summary, three types of measurements are used to calculate the WA fu a : 

1. the WA £)+ — > [i + v branching fraction, which is calculated from Belle and CLEO mea- 
surements (see Fig. I6T|) ; 

2. the WA — >t + u branching fraction, which is calculated from CLEO and BaBar mea- 
surements (see Fig. [HE]); and 

3. the ratio T(Df — > [i + v) /T(D+ — > K + K~n + ) measured by BaBar, adjusted as described 
above |547j . 

The WA fo s value is obtained by averaging the three results, accounting for correlations such 
as the values of | V cs | , m D , and t d in Eq. f)220p . The result is shown in Fig. EHJ The WA value 
is 

f Ds = 254.6 ± 5.9 MeV, (225) 

where the statistical and systematic errors are combined. This value can be compared to 
results from the two most precise lattice QCD calculations: it is 2.1<r higher than that from 
the HPQCD Collaboration (241 ±3 MeV |548] ) . and it is consistent with the less precise result 
from the Fermilab/MILC Collaboration (249 ±11 MeV [539] ). 
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HFAG -charm 



P I C 2009 



BELLE 2007 



CLEOC 2009 



World average 



0.644 ± 0.076 ± 0.057 % 



0.565 ± 0.045 ± 0.017 % 



0.581 ± 0.043 % 



0.5 0.55 0.6 0.65 0.7 0.75 

B(D -»nv) (%) 



Figure 67: WA value for B(D+ — > yU + z/), as calculated from Refs. [5391 [542J. When two errors 
are listed, the first one is statistical and the second is systematic. 
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CLEOC 2009 x^ti 



CLEOC 2009 x^e 



CLEOC 2009 x^p 



BABAR 2010 x^e 



World average 



HFAG -charm 



FPCP 2010 



i i i I i i i 



i 1 " 1 1 1 1 1 1 1 1 11 1 1 



i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I 



4 4.5 5 5.5 6 6.5 7 

B(D ^xv) (%) 



6.42 ± 0.81 ± 0.18 % 



5.30 ± 0.47 ± 0.22 % 



5.52 ± 0.57 ± 0.21 % 



4.54 ± 0.53 ± 0.49 % 



5.38 ± 0.32 % 



Figure 68: WA value for B{D+ r+u), as calculated from Refs. ]EM M2l MM EH]- When 
two errors are listed, the first one is statistical and the second is systematic. 
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B(D->jrv) 



B(D s ^xv) 



r(D s ^^v)/T(D s ^K + K-7i) 



World average 



HFAG -charm 



FPCP 2010 



I 11 11 I 11 11 I 1 1 1 1 I 



i I i i i i I i i i i I i i i i I i i i i I i i i i I i 

220 230 240 250 260 270 



261.1 ± 9.9 ± 1.8 



254.3 ± 7.6 ± 1.8 



237.3 ± 16.7 ± 1.7 



254.6 ± 5.9 MeV 



f Ds (MeV) 



Figure 69: WA value for fjj s . For each measurement, the first error listed is the total 
lated error, and the second error is the total correlated error (mostly from r D ). 
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8.7 Two-body Hadronic D° Decays and Final State Radiation 

Branching fractions measurements for D° — > K~tt + , D° — > 7r + 7r~ and D° — > K + K~ have 
reached sufficient precision to allow averages with (9(1%) relative uncertainties. At these preci- 
sions, Final State Radiation (FSR) must be treated correctly and consistently across the input 
measurements for the accuracy of the averages to match the precision. The sensitivity of mea- 
surements to FSR arises because of a tail in the distribution of radiated energy that extends to 
the kinematic limit. The tail beyond w 30 MeV causes typical selection variables like the 
hadronic invariant mass to shift outside the selection range dictated by experimental resolu- 
tion (see Fig. ITDI) . While the differential rate for the tail is small, the integrated rate amounts 
to several percent of the total h+h^^wy) rate because of the tail's extent. The tail therefore 
translates directly into a several percent loss in experimental efficiency 

All measurements that include an FSR correction have a correction based on use of PHO- 
TOS [5501 ESU [5521 [553] within the experiment's Monte Carlo simulation. PHOTOS itself, 
however, has evolved, over the period spanning the set of measurements. In particular, in- 
corporation of interference between radiation off of the two separate mesons has proceeded in 
stages: it was first available for particle-antiparticle pairs in version 2.00 (1993), and extended 
to any two body, all charged, final states in version 2.02 (1999). The effects of interference are 
clearly visible (Figure ITUI) . and cause a roughly 30% increase in the integrated rate into the high 
energy photon tail. To evaluate the FSR correction incorporated into a given measurement, 
we must therefore note whether any correction was made, the version of PHOTOS used in 
correction, and whether the interference terms in PHOTOS were turned on. 

8.7.1 Branching Fraction Corrections 

Before averaging the measured branching fractions, the published results are updated, as nec- 
essary, to the FSR prediction of PHOTOS 2.15 with interference included. The correction will 
always shift a branching fraction to a higher value: with no FSR correction or with no interfer- 
ence term in the correction, the experimental efficiency determination will be biased high, and 
therefore the branching fraction will be biased low. 

Most of the branching fraction analyses used the kinematic quantity sensitive to FSR in 
the candidate selection criteria. For the analyses at the ^(3770), the variable was AE, the 
difference between the candidate D° energy and the beam energy (e.g., E K + E w — E heam for 
D° — > K~7i + ). In the remainder of the analyses, the relevant quantity was the reconstructed 
hadronic two-body mass m h + h -. To correct we need only to evaluate the fraction of decays 
that FSR moves outside of the range accepted for the analysis. 

The corrections were evaluated using an event generator (EvtGen [554] ) that incorporates 
PHOTOS to simulate the portions of the decay process most relevant to the correction. We 
compared corrections determined both with and without smearing to account for experimental 
resolution. The differences were negligible, typically of order of a 1% of the correction itself. 
The immunity of the correction to resolution effects comes about because most of the long 
FSR-induced tail in, for example, the m h + h - distribution resides well away from the selection 
boundaries. The smearing from resolution, on the other hand, mainly affects the distribution 
of events right at the boundary. 

For measurements incorporating an FSR correction that did not include interference, we 
update by assessing the FSR-induced efficiency loss for both the PHOTOS version and config- 
uration used in the analysis and our nominal version 2.15 with interference. For measurements 
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2 



m K ^(GeV/c 2 ) 

Figure 70: The Kit invariant mass distribution for D° — > K~7T + (n / -f) decays. The 3 curves 
correspond to three different configurations of PHOTOS for modeling FSR: version 2.02 without 
interference (blue), version 2.02 with interference (red dashed) and version 2.15 with interference 
(black). The true invariant mass has been smeared with a typical experimental resolution of 
10 MeV/c 2 . Inset: The corresponding spectrum of total energy radiated per event. The arrow 
indicates the E 1 value that begins to shift kinematic quantities outside of the range typically 
accepted in a measurement. 



that published their sensitivity to FSR, our generator-level predictions for the original effi- 
ciency loss agreed to within a few percent (of the correction). This agreement lends additional 
credence to the procedure. 

Once the event loss from FSR in the most sensitive kinematic quantity is accounted for, the 
event loss from other quantities is very small. Analyses using D* tags, for example, showed little 
sensitivity to FSR in the reconstructed D* — D° mass difference: for example, in m,K-n+iT+ — 
m K - n +. Because the effect of FSR tends to cancel in the difference of the reconstructed masses, 
this difference showed a much smaller sensitivity than the two body mass even before a two 
body mass requirement. In the ^(3770) analyses, the beam-constrained mass distributions 
(a/ E^ CSLm — \pk +P71-I 2 ) showed little further sensitivity. 

The FOCUS [555] analysis of the branching ratios B(D° ti + ti-)/B(D K~n + ) and 
B(D° — > K + K~)/B(D° — > K~n + ) obtained yields using fits to the two body mass distribu- 
tions. FSR will both distort the low end of the signal mass peak, and will contribute a signal 
component to the low side tail used to estimate the background. The fitting procedure is not 
sensitive to signal events out in the FSR tail, which would be counted as part of the background. 

A more complex toy Monte Carlo procedure was required to analyze the effect of FSR on the 
fitted yields, which were published with no FSR corrections applied. A detailed description of 
the procedure and results is available at the HFAG site [55 6J , and a brief summary is provided 
here. Determining the correction involved an iterative procedure in which samples of similar 
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M K „(GeV) IVLIGeV) M KK (GeV) 

Figure 71: FOCUS data (dots), original fits (blue) and toy MC parameterization (red) for 
D° K-TT+ (left) , D° -4- 7T+7T- (center) and D° tt+tt- (right). 



size to the FOCUS sample were generated and then fit using the FOCUS signal and background 
parameterizations. The MC parameterizations were tuned based on differences between the fits 
to the toy MC data and the FOCUS fits, and the procedure was repeated. These steps were 
iterated until the fit parameters matched the original FOCUS parameters. 

The toy MC samples for the first iteration were based on the generator-level distribution 
of rriK-TT+, m ir+ir- and m K + K -, including the effects of FSR, smeared according to the original 
FOCUS resolution function, and on backgrounds thrown using the parameterization from the 
final FOCUS fits. For each iteration, 400 to 1600 individual data-sized samples were thrown and 
fit. The means of the parameters from these fits determined the corrections to the generator 
parameters for the following iteration. The ratio between the number of signal events generated 
and the final signal yield provides the required FSR correction in the final iteration. Only a few 
iterations were required in each mode. Figure I7T1 shows the FOCUS data, the published FOCUS 
fits, and the final toy MC parameterizations. The toy MC provides an excellent description of 
the data. 

The corrections obtained to the individual FOCUS yields were 1.0298 ± 0.0001 for K~tt + , 
1.062 ± 0.001 for 7r + 7r~, and 1.0183 ± 0.0003 for K + K~ . These corrections tend to cancel in 
the branching ratios, leading to corrections of 1.031 to B(D° — > tt + 7t~)/B(D° — > K~tt + ), and 
0.9888 for B(D° ->• K + R-)/B(D K~7r + ). 

Table [1601 summarizes the corrected branching fractions. The published FSR- related model- 
ing uncertainties have been replaced by with a new, common, estimate based on the assumption 
that the dominant uncertainty in the FSR corrections come from the fact that the mesons are 
treated like structureless particles. No contributions from structure-dependent terms in the 
decay process (eg. radiation off individual quarks) are included in PHOTOS. Internal studies 
done by various experiments have indicated that in Kir decay, the PHOTOS corrections agree 
with data at the 20-30% level. We therefore attribute a 25 uncertainty to the FSR prediction 
from potential structure-dependent contributions. For the other two modes, the only difference 
in structure is the final state valence quark content. While radiative corrections typically come 
in with a 1/M dependence, one would expect the additional contribution from the structure 
terms to come in on time scales shorter than the hadronization time scale. In this case, you 
might expect LambdaQCD to be the relevant scale, rather than the quark masses, and there- 
fore that the amplitude is the same for the three modes. In treating the correlations among 
the measurements this is what we assume. We also assume that the PHOTOS amplitudes 
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Table 160: The experimental measurements relating to B(D° — > K~tt + ), B(D° — > 7r + 7r~) and 
B(D° — > K + K~) after correcting to the common version and configuration of PHOTOS. The 
uncertainties are statistical and total systematic, with the FSR-related systematic estimated in 
this procedure shown in parentheses. Also listed are the percent shifts in the results from the 
correction, if any, applied here, as well as the original PHOTOS and interference configuration 
for each publication. 



Experiment 


result (rescaled) 


correction [% 


.] PHOTOS 


D° K-Ti + 








CLEO-c 07 (CC07) |557| 


3.891 ±0.035 ±0.065(27)% 





2.15/Yes 


BaBar 07 (BB07) [558| 


4.035 ±0.037 ±0.074(24)% 


0.69 


2.02/No 


CLEO II 98 (CL98) [559] 


3.920 ±0.154 ±0.168(32)% 


2.80 


none 


ALEPH 97 (AL97) [550] 


3.930 ±0.091 ±0.125(32)% 


0.79 


2.0/No 


ARGUS 94 (AR94) [561J 


3.490 ±0.123 ±0.288(24)% 


2.33 


none 


CLEO II 93 (CL93) [562] 


3.960 ±0.080 ±0.171(15)% 


0.38 


2.0/No 


ALEPH 91 (AL91) {563] 


3.730 ± 0.351 ± 0.455(34)% 


3.12 


none 


D° 1T+1T-/D K-7T+ 








CLEO-c 05 (CC05) [564] 


0.0363 ±0.0010 ±0.0008(01) 


0.25 


2.02/No 


CDF 05 (CD05) [52U] 


0.03594 ± 0.00054 ± 0.00043(15) 




2.15/Yes 


FOCUS 02 (FO02) [555] 


0.0364 ±0.0012 ±0.0006(02) 


3.10 


none 


D° K+K-/D K~tt a 








CDF 05 [520] 


0.0992 ±0.0011 ±0.0012(01) 




2.15/Yes 


FOCUS 02 [555] 


0.0982 ± 0.0014 ± 0.0014(01) 


-1.12 


none 


D° K+K- 








CLEO-c 08 (CC08) [565] 


0.411 ±0.008 ±0.009% 


0.64 


2.02/No 



and any missing structure amplitudes are relatively real with constructive interference. The 
uncertainties largely cancel in the branching fraction ratios. For the final average branching 
fractions, the FSR uncertainty on Kir dominates. Note that because of the relative sizes of 
FSR in the different modes, the inr/K7r branching ratio uncertainty from FSR is positively 
correlated with that for Kit branching, while the KKj Kit branching ratio FSR uncertainty is 
negatively correlated. 

The B(D° -»■ K--K+) measurement of reference [566], the B(D° tt+tt-) /B(D° K~ir + ) 
measurements of references [521j and |437j and the B(D° — > K + K~)/B(D° — > K~n + ) mea- 
surement of reference [437] are excluded from the branching fraction averages presented here. 
The measurements appear not to have incorporated any FSR corrections, and insufficient in- 
formation is available to determine the 2-3% corrections that would be required. 

8.7.2 Average Branching Fractions 

The average branching fractions for D° — > K~tt + , D° — > 7r + 7r~ and D° — > K + K~ are obtained 
from a single x 2 minimization procedure, in which the three branching fractions are floating 
parameters. The central values derive from a fit in which the covariance matrix is the sum of 
the covariance matrices for the statistical, systematic (excluding FSR) and FSR uncertainties. 
The statistical uncertainties are obtained from a fit using only the statistical covariance matrix. 
The systematic uncertainties are obtained from the quadrature uncertainties from a fit with 
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Table 161: The correlation matrix corresponding to the covariance matrix from the sum of statistical, systematic and FSR covari- 
ances. 
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Figure 72: Comparison of measurements of B(D° — > K 7r + ) (blue) with the average branching 
fraction obtained here (red, and yellow band). 



statistical-only and statistical+systematic covariance matrices, and the FSR uncertainties on 
the averages from the quadrature differences in the uncertanties obtained from the nominal fit 
and a fit excluding the FSR uncertainties. 

In forming the covariance matrix for the FSR uncertainties, the FSR uncertainties are 
treated as fully correlated (or anti-correlated) as described above. For the systematic covari- 
ance matrix, ALEPH's systematic uncertainties in the 6d* parameter are treated as fully corre- 
lated between the ALEPH 97 and ALEPH 91 measurements. Similarly, the tracking efficiency 
uncertainties in the CLEO II 98 and the CLEO II 93 measurements are treated as fully corre- 
lated. Finally, the CLEO-c 07 D° -»■ K~ir + measurement and the CLEO-c 08 D° K+K~ 
measurements have a significant statistical correlation. The 2007 hadronic branching fraction 
analysis derives the number of N D0 p0 pairs produced in CLEO-c, and that quantity is statis- 
tically correlated with the D° — » K~7t + branching fraction in that analysis (p = 0.65). The 
2008 K + K~ analysis in turn uses that value of N DO -^o as the normalization for its branching 
fraction. Table ITBTl presents the correlation matrix for the nominal fit (stat.+syst.+FR). 

The averaging procedure results in a final \ 2 °f 8-5 for 13-3 degrees of freedom. The 
branching fractions obtained are 

B(D° -»■ K-7T+) = 3.949 ±0.023 ±0.040 ±0.025 
B(D° ->■ 7T+7T-) = 0.143 ±0.002 ±0.002 ±0.001 
B(D° -> K + K~) = 0.394 ±0.004 ±0.005 ±0.002. 



The uncertainties, estimated as described above, are statistical, systematic (excluding FSR), 
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and FSR modeling. The correlation coefficients from the fit using the total uncertainties are 





K-TT + 


7T + 7T 


K+K 




1.00 


0.72 


0.74 


7T + 7T~ 


0.72 


1.00 


0.53 


K+K- 


0.74 


0.53 


1.00 



As the x 2 would suggest and Fig. [721 the average value for B(D° — > K~n + ) and the input 
branching fractions agree very well. With the estimated uncertainty in the FSR modeling used 
here, the FSR uncertainty dominates the statistical uncertainty in the average, suggesting that 
experimental work in the near future should focus on verification of FSR with E 1 ~?t 100 MeV. 

The B(D° — > K~tt + ) average obtained here is approximately one statistical standard devi- 
ation higher than the 2009 PDG update [444J. Table [1621 shows the evolution from a fit similar 
to the PDG's (no FSR corrections or correlations, reference [566J excluded) to the average 
presented here. There are three main contributions to the difference, which only coincidentally 
all shift the result upwards. The branching fraction in reference [566J happens to be on the 
low side, and its exclusion shifts the result by +0.008%. The FSR corrections are expected 
to shift the result upwards, and indeed contribute a shift of +0.019%. Finally, including the 
CLEO-c absolute D° — > K + K~ branching fraction contributes the final shift of +0.009%. As 
Fig. [73] shows, the K + K~ branching fractions inferred from the combining the CDF and FO- 
CUS branching ratios and the average K~tc + branching fraction (excluding the CLEO-c K + K~ 
result) are both lower than the CLEO-c absolute measurement. The fit, therefore, exerts an 
upward pressure on the K~tt + result to improve the agreement in the K + K~ sector. 



Table 162: Evolution of the D° — > K tt + branching fraction from a fit with no FSR corrections 
or correlations (similar to the average in the PDG 2009 update |444] ) to the nominal fit presented 



here. 



Modes 
fit 


description 


J3{D° K-7T+) (%) 


X 2 1 (d.o.f.) 


R-TT + 


PDG summer 2009 equivalent 


3.913 + 0.022 + 0.043 


6.0 / (8-1) 




drop Ref. |566j 


3.921 + 0.023 + 0.044 


4.8 / (7-1) 


K-TT + 


add FSR corrections 


3.940 ± 0.023 ± 0.041 ± 0.015 


4.0 / (7-1) 




add FSR correlations 


3.940 ± 0.023 ± 0.041 ± 0.025 


4.2 / (7-1) 


all 


CDF + FOCUS only 


3.940 ± 0.023 ± 0.041 ± 0.025 


4.5 /(12-3) 


all 


add CLEO-c K+K~ 


3.949 ± 0.023 ± 0.040 ± 0.025 


8.5 /(13-3) 
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Figure 73: Comparison of the absolute CLEO-c B(D° — > K + K~) measurement, the CDF and 
FOCUS branching ratio measurements scaled by the B(D° — > K~n + ) branching fraction, and 
this average (red point, yellow band). 



234 



9 t lepton Properties 



The aim of this chapter is to provide average values of the properties of the r lepton. The mass 
of the r lepton is presented in section 19.14 and the branching fractions of the decay modes are 
presented in section 19.21 Using these average values, we present tests of charged current lepton 
universality in section [9731 and obtain estimates for \V US \, the relative weak coupling between 
up and strange quarks, in section 19.41 We summarize the status of searches for lepton flavor 
violating decays of the r lepton in section 19.51 



9.1 Mass of the r lepton 
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Figure 74: Measurements and average value of m T . 

The mass of the r lepton has recently been measured by the BaBar and Belle experiments 
using the end-point technique from the pseudo-mass distribution in r~ — > 7t~7t~tt + i> t decays, as 
well as by the KEDR experiment from a study of the r + r~ cross-section around the production 
threshold. In Figure [741 we present the measurements and average values of m T . 

9.2 r Branching Fractions: 

In this section we present the measurements and average values of the r branching fractions Ell, 
including those which have been recently measured by the B-Factories. We take into account 
correlations between measurements, arising from common dependence on the r— pair cross- 
section [567] and the assumed knowledge of the branching fractions for the background modes. 

37 Charge conjugate r decays are implied throughout. 
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For measurements from the same experiment, we treat the dependence on detector-specific 
systematics as sources of correlated systematic uncertainties. 

We report here results from single-quantity averages, which includes correlations between 
the B-Factories, as well as the results from a global fit, which includes correlations between the 
different branching fractions. We label results from the former as "HFAG Average", and the 
latter as "HFAG Fit" in the following figures. 

For the "HFAG Fit", we use 131 measurements from non-B- Factory experiments, which 
includes the set of 124 measurements used in the global fit performed by the PDG [5]. The 
measurements from non-B-Factories include 37 measurements from ALEPH, 2 measurements 
from ARGUS, 1 measurement from CELLO, 36 measurements from CLEO, 6 measurements 
from CLE03, 14 measurements from DELPHI, 2 measurements from HRS, 11 measurements 
from L3, 19 measurements from OPAL, and 3 measurements from TPC. 

All of these measurements can be expressed as a linear function of the form ffi o'p'x of few 

selected branching fractions (Pi), which are labelled as base modes. The base modes are chosen 
such that they sum up to unity. 

For the 124 measurements used in the PDG global fit, there are 31 base modes. These 
results and their corresponding references are listed in Ref. [5]. We first augment this set with 
4 additional base modes of B(r~ — > K~Tr rjU T ), B(t~ — > K ix~r\v T ), B(t~ — > K tt^2tt u t ) and 
B(t~ — > K° h~ h~ h + v T ) , because 2 of these modes (containing 77) have been recently measured by 
the B-Factories with significant precision. We also include 2 measurements from CLEO for the 
modes containing 7], 2 measurements from ALEPH for the other modes, and 1 measurement 
from OPAL of B(t~ K\~ >= lir°v T ). We further include 1 measurement of B(r — > 
7T~7T~7T + 7]b> T ) from CLEO, 1 measurement of B(t~ — > K~u)v T ) from CLE03, and replace 1 base 
node of B(t~ — > h~ujv T ) with 2 base nodes containing measurements of B(t~ — > ix~uv T ) and 
B(t~ — > K~ujv t ). This leads us to a global fit to a set of 131 measurements with 36 base nodes. 

Finally we include the following 22 measurements from the B-Factories: 



• 12 measurements from the BaBar collaboration: 



B(t~ — > [TV '^Vt) I 'B(t~ — > e~V e v T ) = 

B(t~ — > 7v~u t )/B(t~ — > e~V e u T ) = 

B(t~ K~v t )/B(t~ — s- e~V e v T ) = 

B(t- /sTttV) = 

B(t~ — > K Q ix~v T ) = 

B(t- ZVttV) = 

B(t~ ii-it-it + is t (ex. K )) = 

B(t- K-ir-ir + v T (ex. K )) = 

B(t- K-ir-K + v T ) = 

B(t- -> K-K~K + v T ) = 

B(t- 3h-2h + v T (ex. K )) = 

B(t~ 2n-n + r]u T (ex. K )) = 



0.9796 ± 0.0016 ± 0.0036) [568] . 
0.5945 ± 0.0014 ± 0.0061) [568] . 
0.03882 ± 0.00032 ± 0.00057) [568] . 
0.416 ± 0.003 ± 0.018)% [569] 
0.840 ± 0.004 ± 0.023)% [570] 
0.342 ± 0.006 ± 0.015)% [571] 
8.834 ± 0.007 ± 0.127)% [572] 
0.273 ± 0.002 ± 0.009)% [572] 
0.1346 ± 0.0010 ± 0.0036)% [572] 
1.58 ± 0.13 ± 0.12) x 10" 5 [572] 
8.56 ± 0.05 ± 0.42) x 10" 4 [575] 
1.60 ± 0.05 ± 0.11) x 10" 4 [574] 



236 



• 10 measurements from the Belle collaboration: 



B{j- ->■ h~n°v T ) 

£(t~ -)- it-it-it + is t (ex. fT )) 
B(r _ -> K-TT-n + u T (ex. if )) 
fi(r~ -»■ K-ix-K + v T ) 
E{j- -»■ K-R-K + v T ) 
B(r~ — > n~7i°r)v T ) 
B(t~ -> K~r}v T ) 

B(T~ — >■ ~K^TT T]h' T ^ 



25.67 ± 0.01 ± 0.39)% [575] 
0.808 ± 0.004 ± 0.026)% [576] 
8.420 ± 0.003 [277] 
0.330 ± 0.001 [577] 
0.155 ± 0.001 [577] 
3.29 ± 0.17 t ,;^) x 10" 5 [577] 
1.35 ± 0.03 ± 0.07) x 10" 3 [578] 
1.58 ± 0.05 ± 0.09) x 10" 4 [578] 
0.46 ± 0.11 ± 0.04) x 10" 4 [578] 
0.88 ± 0.14 ± 0.04) x 10" 4 [578] 



where the uncertainties are statistical and systematic, respectively. 

We add to the list of base nodes one additional measurement of B(K~ (f>v T ((f) — > KK)) = 
B(K-K+K-u T ) x (B{(f) K+K~) + B(</> K° S K<L)), which leads us to a global fit to a set of 
153 measurements with 37 base nodes. 

We try to take into account the correlations between measurements, and avoid applying the 
PDG-style scale factors to all our measurements. However, two of the measurements from the 
B-Factories have significant discrepancy with respect to each other. These are measurements 
of B{t~ — > K~K + K~v T ) from BaBar and Belle experiments, which are more than 5a apart. 
We scale the errors from these measurements by a scale factor of 5.44 obtained from results of 
single- quantity "HFAG Average", using the same prescription as the PDG collaboration. 

As far as possible, we try to include the measurements quoted in the original publications. 
For example, ALEPH presents results with the correlation matrix between measurements of 
hadronic modes in Ref. |579j . Their paper also quotes derived measurements for the pionic 
modes, after subtracting the kaonic contributions as measured by other experiments. PDG 
interpretes these published correlations between hadronic modes as correlations between the 
pionic modes, and uses the measurements of pionic modes. Our reasoning is that the B- 
Factories can measure the kaonic modes with better precision, thanks to the excellent particle- 
identification system in our respective experiments. Thus the estimates for the kaonic contribu- 
tion subtracted from the hadronic modes should be revisited based on data from B-Factories. 

We interpret the ALEPH data as measurements for the hadronic modes and treat their 
measured correlation matrix as between the following decay modes : t~ — > e~V e v T , t~ — > 

fi~V^l> T , T~ — > h~V T , T~ — > h~7T°V T , T~ — > h~27T°V T , T~ — > h^?>TT°V T , T~ — > h~4lT l> T , T~ — > 

Zh~v T , t~ — > 3/i _ 7r°z/ T , r~ — > 3h~27T°v T , t~ — > 3/z _ 37T°z/ T , r~ — > 5h~v T and t~ — > 5/i _ 7r°z/ T , 
where h~ = n~ or ~K, as in the original publication. Since the ALEPH measurements of 
these branching fractions have been constrained to add up to unity, we exclude the weakest 
measurement of r~ — > 3h~3TT°i> T in our global fit, as in the PDG global fit. 

If the unitarity constraint is dropped from the global fit to 124 measurements, sum of the 
31 base modes fall short from unity by 1.0 o (0.9 a) in the scenario when ALEPH correlation 
matrix is modified (un-modified). From the global fit to 153 measurements including those 
from B-Factories, sum of the 37 base modes fall short from unity by 1.6 a (1.9 cr) when ALEPH 
correlation matrix is modified (un-modified). 
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A summary of quality of these global fits are presented in Table 11631 for the constrained 
and unconstrained cases with data from non-B-Factories and including those from B- Factories. 
The results of the global fit to 131 and 153 measurements are presented in Tables [T641 and [T65l 
for the constrained and unconstrained cases, respectively. 





unconstrained fit 


constrained fit 


# of measurements 


124 


131 


153 


124 


131 


153 


# of base nodes 


31 


36 


37 


31 


36 


37 


x 2 


78.2 


83.0 


140.9 


79.1 


83.1 


143.4 


CL (%) 


86.5 


80.6 


5.8 


86.4 


82.3 


4.9 


Deviation from unitarity 


-1.0 a 


-0.4 a 


-1.6 a 









Table 163: Summary of global fits for branching fractions from unconstrained and constrained 
fits to data from non-B-Factories and including those from B-Factories. 

In the following, we present results of branching fractions of modes separated according to 
one or three or five charged tracks ("prongs") in the final state, or decays containing K°, 7], 
K*°: 

• 1-prong decays with or 1 n°: 

The measurements and average values of B{r~ — > n~V^v T ), B(r~ — > n~v T ), B(t~ — > K~v T \ 
B(t~ — > h~u T ), where h~ = n~ or K~, are presented in Figure I75| and those of B(t~ — > tt~7t°v t ), 
B(t~ — > K~n v T ) and B(r~ — > h^n ^) decays are presented in Figure [761 

• 3-prong decays with 7r°, K°: 

The measurements and average values of B{r~ — > h~h~h + v T (ex. K )), B{r~ — > 7t~7t~tt + v t 
(ex. K°)) } B(t- tt-K-tt+u t (ex. if )), B(t~ -> tx-K-R + u t ) and B(t~ K-K~K + v T ), 
where h~ = n~ or K~, are presented in Figures [771 and [781 

The measurements of B{j~ — > K~(f)v T ) are also presented in Figure [7H| along with results 
from the single-quantity averaging procedure. While the BaBar measurement uses the 
same data set as in the measurement of B{j~ — > K~K~K + v T ), Belle measurement uses a 
different data set for £>(r~ — > K~<f)v T ) measurement than used for their B(r~ — > K~K ~K + v r ) 
measurement. To avoid redundancy, we do not use measurements of B(t~ — > K^(f)v T ) in 
the global fit, and no results for this mode from "HFAG Fit" are quoted in Figure [TBI 

The BaBar experiments also reports B{r~ ->• tt~0z/ t ) = (3.42 ± 0.55 ± 0.25) x 10~ 5 [572]. 
Since it is the only measurement for this channel, no averaging has been performed. 

• 5-prong decays with 7r°, K°: 

The measurements and average values of Bir~ — > h~h~h~h + h + v T (ex. K )) and B{t~ — > tt~ 
fi(1285)u T ) are presented in Figure [791 The /i(1285) content is determined from 2h~2'k + 
as well as ■n~-K + rj final states [574J. The average value of B{t~ — > n~ /i(1285)z/ T ) from 
the single-quantity averaging procedure is also quoted in Figure [79j 

• decays with K°: 

The measurements and average values of B{r~ — > 7r~K^z/ T ) and B{r~ — > 7r _ 7r°K^z/ r ) are 
presented in Figure [BIB 
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Base modes from r decay I No B-Factory Data I With B-Factory Data 



leptonic modes 



e v e v T 



17.835 ± 0.049 
17.349 ± 0.047 



IK 



)n-strange 



modes 



7T V T 

7T-27rV (ex. K°) 

n-3ir°is T (ex. K°) 

hr\^v T (ex. i^°,?7) 

k-k°v t 

K-ir°K°v T 
ir-K° s K° s is T 
n-K s K L v T 
-k~-k~-k + v t (ex. K°,uj) 

-K~-K~-K + -K°V T (eX. 

h-h-h + 2n°v T (ex. K°,u : rj) 
h-h-h+3n°u T 

TT~K~K + U T 

it-K-K + it is t 
3h~2h+u T (ex. X°) 
3/T2/i + 7rV (ex. if ) 



10.898 
25.489 
9.227 
1.029 
0.098 
0.152 
0.154 
0.024 
0.107 
8.948 
2.752 
0.085 
0.025 
0.153 
0.006 
0.081 
0.019 
0.174 
1.952 
0.404 



± 0.066 
± 0.097 
± 0.100 
± 0.075 
± 0.039 
± 0.016 
± 0.020 
± 0.005 
± 0.025 
± 0.062 
± 0.070 
± 0.037 
± 0.005 
± 0.007 
± 0.002 
± 0.005 
± 0.003 
± 0.024 
± 0.064 
± 0.042 



strange modes 



K~v T 

K-TT°U T 

K~2ix Q v T (ex. K°) 
K~3ir°v T (ex. K°, rj) 



K 7T V T 
K 7T 7T V T 

K h~h~h + v T 
K~7t~7t + i> t (ex. K°,u) 

K~7T~7T + 7T°l> T (ex. K°,U,1]) 

K~(j)is T ((j) -> KK) 
K~r]u T 

K 7r r\v T 

K~bJV T 



Sum of strange modes 



Sum of all modes 



3.0002 ± 0.0764 



99.9602 ± 0.1107 



17.818 ± 0.041 
17.393 ± 0.040 



10.811 ± 0.053 
25.506 ± 0.092 
9.245 ± 0.100 
1.035 ± 0.075 
0.109 ± 0.039 
0.157 ± 0.016 
0.158 ± 0.020 
0.024 ± 0.005 
0.111 ± 0.025 
8.969 ± 0.051 
2.762 ± 0.069 
0.097 ± 0.036 
0.032 ± 0.003 
0.143 ± 0.003 
0.006 ± 0.002 
0.082 ± 0.003 
0.020 ± 0.002 
0.139 ± 0.007 
1.955 ± 0.064 
0.406 ± 0.042 
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020 
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± 





020 
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± 





023 





293 
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007 





039 
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014 





041 


± 





014 















004 


± 





001 





027 


± 





006 





016 


± 





001 





018 


± 





009 
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± 





001 





022 


± 





007 





009 


± 





001 





041 


± 





009 
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± 





009 



2.8606 ± 0.0515 



99.8389 ± 0.1030 



Table 164: Results for branching fractions (in %) 
Factories and including those from B-Factories. 



from unconstrained fit to data from non-B- 
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Base modes from r decay I No B-Factory Data I With B-Factory Data 



leptonic modes 



e v e v T 



17.838 ± 0.048 
17.352 ± 0.046 



IK 



)n-strange 



modes 



7T V T 

7T-27rV (ex. K°) 

n-3ir°is T (ex. K°) 

hr\^v T (ex. i^°,?7) 

k-k°v t 

K-ir°K°v T 
ir-K° s K° s is T 
n-K s K L v T 
-k~-k~-k + v t (ex. K°,uj) 

-K~-K~-K + -K°V T (eX. 

h-h-h + 2n°v T (ex. K°,u : rj) 
h-h-h+3n°u T 

TT~K~K + U T 

it-K-K + it is t 
3h~2h+u T (ex. X°) 
3/T2/i + 7rV (ex. if ) 



10.903 
25.495 
9.233 
1.031 
0.098 
0.153 
0.154 
0.024 
0.108 
8.952 
2.749 
0.085 
0.026 
0.153 
0.006 
0.081 
0.019 
0.175 
1.953 
0.404 



± 0.064 
± 0.095 
± 0.099 
± 0.075 
± 0.039 
± 0.016 
± 0.020 
± 0.005 
± 0.025 
± 0.061 
± 0.069 
± 0.037 
± 0.005 
± 0.007 
± 0.002 
± 0.005 
± 0.003 
± 0.024 
± 0.064 
± 0.042 



strange modes 



K~v T 

K-TT°U T 

K~2ix Q v T (ex. K°) 
K~3ir°v T (ex. K°, rj) 



K 7T V T 
K 7T 7T V T 

K h~h~h + v T 
K~7t~7t + i> t (ex. K°,u) 

K~7T~7T + 7T°l> T (ex. K°,U,1]) 

K~(j)is T ((j) -> KK) 
K~r]u T 

K 7r r\v T 

K~bJV T 



Sum of strange modes 



Sum of all modes 



3.0091 ± 0.0722 



100.00 



17.833 ± 0.040 
17.408 ± 0.038 



10.831 ± 0.051 
25.531 ± 0.090 
9.278 ± 0.097 
1.046 ± 0.074 
0.107 ± 0.039 
0.160 ± 0.016 
0.162 ± 0.019 
0.024 ± 0.005 
0.119 ± 0.024 
8.983 ± 0.050 
2.751 ± 0.069 
0.097 ± 0.036 
0.032 ± 0.003 
0.144 ± 0.003 
0.006 ± 0.002 
0.082 ± 0.003 
0.020 ± 0.002 
0.139 ± 0.007 
1.959 ± 0.064 
0.409 ± 0.042 
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± 





020 
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± 





007 





039 


± 





014 





041 


± 





014 















004 


± 





001 





027 


± 





006 





016 


± 





001 





018 


± 





009 





005 


± 





001 





022 


± 





007 





009 


± 





001 





041 


± 





009 





041 


± 





009 



2.8796 ± 0.0501 



100.00 



Table 165: Results for branching fractions (in %) from unitarity constrained fit to data from 
non-B-Factories and including those from B-Factories. 
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CLE0 1997 






17.370+ 0.080+ 0.180 






DELPH1 1999 






1 7.325 ± 0.095 ± 0.077 






L3 2001 






1 7.342 ± 0.110± 0.067 






OPAL 2003 






1 7.340 ± 0.090 ± 0.060 






ALEPH 2005 H . 






17.319+ 0.070+ 0.032 






BaBar 2009 






17.460+ 0.030+ 0.080 






PDG'09 Average 

1 7.330 ± 0.050 






HFAG Average 

17.363+ 0.043 (CL = 87.8%) 






HFAG Fit 

1 7.408 ± 0.038 (CL = 4.9%) 






1 HFAG-Tau ^^^^^H 






Summer 2010 






i i i i i 







17 



17.5 

B(r -» ltvv u ) [% 



ALEPH 2005 
10.828 ± 0.070 ± 0.078 

BaBar 2009 
10.590+ 0.030+ 0.110 

PDG'09 Average 
10.828+ 0.105 

HFAG Average 

10.719 ± 0.077 (CL = 12.4%) 

HFAG Fit 

10.831+ 0.051 (CL = 4.9%) 



HFAG-Tau 



Summer 2010 

i i l i " 




J_ 



10.4 10.6 10.8 11 

B(T -> 7TV) [% 



CLE0 1994 




0.660 ±0.070 ±0.090 




DELPH1 1994 


• 


0.850 ±0.180 




ALEPH 1999 




0.696 ±0.025 ±0.01 4 




OPAL 2001 . 




0.658 ±0.027 ±0.029 




BaBar 2009 ^ 




0.692 ±0.006 ±0.010 




PDG'09 Average ^ 




0.685 ±0.023 




HFAG Average ^ 




0.690 ± 0.010 {CL = 81 .2%) 




HFAG Fit 




0.697 ± 0.010 (CL = 4.9%) 




1 HFAG-Tau ^^^^^H 




Summer 2010 




i i i i i I i 1 


, 1 


0.4 0.6 


0.8 



CLE01997 

1 1 .520 ± 0.050 ± 0.120 
OPAL 1998 

11.980± 0.130 ± 0.160 
ALEPH 2005 
1 1 .524 ± 0.070 ± 0.078 
DELPHI 2006 
1 1 .571 ± 0.120 ± 0.114 
BaBar 2009 H#H 
1 1 .282 ± 0.033 ± 0.114 
PDG'09 Average 

1 1 .630 ± 0.120 (Scale Factor =1.40) 
HFAG Average h 
1 1 .498 ± 0.073 (CL = 2.9%) 
HFAG Fit 

11.528± 0.052 (CL = 4.9%) 



HFAG-Tau 



Summer 2010 



I 



11 



B(r -> K v) [% 



11.5 12 
B(r^hv) [%] 



Figure 75: Measurements and average values of 1-prong decays with 7r c 
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24.5 



25 



CLEO 1994 






25.360 ± 0.440 
ALEPH 2005 






£3.4/1 1 u.uy/ 1 U.UOD 






BELLE 2008 






25.240 ± 0.010 ± 0.390 
PDG'09 Average 






25.460+ 0.120 
HFAG Average 






25.462+ 0.124 (CL = 80.9%) 






HFAG Fit 

25.531+ 0.090 (CL = 4.9%) 






1 HFAG-Tau ^^^^^H 






Summer 2010 






i i i i i i i i i 




i 



25.5 



26 



CLEO 1994 

0.510+ 0.100+ 0.070 

ALEPH 1999 

0.444 ± 0.026 ± 0.024 

OPAL 2004 

0.471 ± 0.059 ± 0.023 

BaBar 2007 

0.416 ± 0.003+ 0.018 

PDG'09 Average 

0.426 ± 0.016 

HFAG Average 
0.426+ 0.016 (CL 

HFAG Fit 
0.431+ 0.015 (CL 



HFAG-Tau 



Summer 2010 



67.4%) 
4.9%) 



X 



0.2 



i — • — i 



B(T-^7T7t U V) [% 



0.4 

B(r -> K"7i°v) [% 



CLE0 1994 






25.870 ± 0.1 20 ± 0.420 
L3 1 995 

25.050 ± 0.350 ± 5.500 * 
OPAL 1998 


i — i — 




25.890 ± 0.170+ 0.290 

ALEPH 2005 

25.924 ± 0.097 ± 0.085 

DELPHI 2006 , . 


• — 




25.740 ± 0.201 ± 0.138 
Belie 2008 






25.670+ 0.010+ 0.390 
PDG'09 Average 


1 




25.730+ 0.160 

HFAG Average 

25.732 ± 0.158 (CL = 81.0%) 

HFAG Fit 

25.962 ± 0.089 (CL = 4.9%) 


: 




1 HFAG-Tau ^^^^^^M 






Summer 2010 






i i i i i i i i 




1 1 1 



24 



25 



26 

B(T^h"7t°V) 



Figure 76: Measurements and average values of 1-prong decays with 1 7r c 
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CLE0 1995 
9.510 ± 0.070 ±0.200 
OPAL 1995 
9.870 ± 0.100+ 0.240 
ALEPH 2005 
9.500 ±0.062 ±0.073 
DELPHI 2006 
9.317 ± 0.090 ±0.082 

BaBar 2008 
9.242 ±0.007 ±0.134 

Belle 2010 

8.908 ±0.003 ±0.263 
PDG'09 Average 
9.440 ±0.140 (Scale Factor = 
HFAG Average 
9.331 ±0.076 (CL = 9.0%) 
HFAG Fit 

9.453 ±0.052 (CL = 4.9%) 



HFAG-Tau 



Summer 2010 

i l " 




9 



10 



CLE03 2003 

9.130 ±0.050 ±0.460 

ALEPH 2005 

9.071 ±0.060 ±0.076 

BaBar 2008 

8.834 ±0.007 ±0.127 

Belle 2010 
8.420 ±0.003 tS 
PDG'09 Average 
8.850 ±0.1 30 

HFAG Average 

8.775 ±0.1 11 (CL = 26.1%) 

HFAG Fit 

9.01 3 ±0.050 (CL = 4.9%) 



HFAG-Tau 



J 



Summer 2010 

i i i r 



B(r^h¥h + v(ex.K )) [% 



9 



B(t -> ^X7i + v (ex.K u )) 



ALEPH 1998 

0.214 ±0.037 ±0.029 

CLE0 1999 

0.346 ±0.023 ±0.056 

CLE03 2003 

0.384 ±0.014 ±0.038 

OPAL 2004 

0.415 ± 0.053 ±0.040 

BaBar 2008 

0.273 ±0.002 ±0.009 

Belle 2010 

0.330 ±0.001 

PDG'09 Average 

0.280 ±0.01 9 (Scale Factor 

HFAG Average 

0.291 ± 0.016 (CL = 0.1%) 

HFAG Fit 

0.294 ± 0.007 (CL = 4.9%) 



HFAG-Tau 



= 2.10) 



Summer 2010 



0.2 0.4 

B(r^7i-K"7i + v(ex.K )) 



ALEPH 1998 
0.163 ±0.021 ±0.017 

CLE01999 
0.145 ±0.013 ±0.028 
OPAL 2009 



0.087 ±0.056 ±0.040 
CLE03 2003 
0.155 ±0.006 ±0.009 
BaBar 2008 
0.135 ±0.001 ±0.004 

Belle 2010 
0.155±0.001 *SS 
PDG'09 Average 

0.1 37 ±0.006 (Scale Factor = 1.80) 
HFAG Average 
0.142 ±0.003 (CL = 3.6%) 
HFAG Fit 

0.144 ±0.003 (CL = 4.9%) 



HFAG-Tau 



Summer 2010 



0.2 



B(r^7i-K"K + v) 



Figure 77: Measurements and average values of 3-prong decays with tt°, K . ALEPH 
quotes B(t~ h-\rh+v T (ex. K°,u)) = (9.469 ± 0.062 ± 0.073)% and B(t~ t^tt"^ v t 
(ex. K°,u)) = (9.041 ± 0.060 ± 0.076)%. We add B{t- h-uv T ) x B(u "+) = 0.031% 
and B{t~ — ► h^ujVt-) x B{uj — > 7r _ 7r + ) = 0.030%, respectively, to get the values quoted here. 
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ALEPH 1998 
19.0@90%CL 

CLE03 2003 
3.70 @ 90% CL 

BaBar 2008 

1.58 ± 0.13± 0.12 

Belle 2010 
3.29 ± 0.17 **« 

PDG'09 Average 
1.58+ 0.18 

HFAG Average 

2.13 ± 0.80 (Scale Factor = 5.44) 
HFAG Fit 

2.39 ± 0.80 (Scale Factor = 5.44) 



HFAG-Tau 




Summer 2010 




Belle 2006 

4.05 ±0.25 ±0.26 

BaBar 2008 
3.39 ±0.20 ±0.28 

PDG'09 Average 

3.70 ±0.33 (Scale Factor = 1.30) 

HFAG Average 

3.70 ±0.25 (CL = 18.8%) 



HFAG-Tau 




Summer 2010 



B(t -> K"K"K + v) [xlO 5 ] 



Figure 78: Measurements and average values of B(r 



B(t->K"<|>v) [x lO" 5 ] 

K~K~K + v T ) and B(t~ -»■ K~(j)u T ) 



HRS 1987 






5.10 ±2.00 








ARGUS 1988 








6.40 ±2.30 ±1.00 


— • 






CLEO 1994 








7.70 ±0.50 ±0.90 








OPAL 1999 








9.10 ±1.40 ±0.60 








ALEPH 2005 








7.20 ±0.90 ±1.20 


— i — • — 






BaBar 2005 
8.56 ±0.05 ±0.42 








DELPHI 2006 








9.70 ±1.50 ±0.50 








PDG'09 Average 
8.32 ±0.35 








HFAG Average 

8.1 6 ±0.32 (CL = 56.0%) 

HFAG Fit 

8.24 ±0.31 (CL = 4.9%) 




- 




1 HFAG-Tau 








Summer 2010 








i i i i I 
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BaBar 2005 [f/1285) -> 2ar 2rc + mode] 
3.9 ±0.7 ±0.5 

BaBar 2008 [f/1285) -> %■%* \\ mode] 
3.2 ±0.2 ±1.0 

PDG'09 Average 
3.6 ±0.7 

HFAG Average 

3.6 ± 0.7 (CL = 59.4%) 



HFAG-Tau 



Summer 2010 

■ i I r~ 




B(r^37i-27i + v(ex.K )) [x 10 4 ] 



B(r-» 71^,(1285^) [x 10 4 ] 



Figure 79: Measurements and average values of B(t —> h h h h + h + u T (ex. K )) and 
B{t- ->■ tt-/i(1285)i/ t ). 
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L3 1 995 






950 + 0150+0 060 






CLE0 1996 

704 + 041 + 072 






ALEPH 1998 






n rss +- n 117+ n nfifi 




• 1 — I 


ALEPH 1999 






OPAL 2000 

n cm + n nfia + n (mq 




H • 1 — I 


Belle 2007 _ 
808 + 004 + 026 

U.UUU — U.UU1 _L UiUfaU 


- 




BaBar ICHEP08 
0.840 ±0.004 ±0.023 




H 


PDG'09 Average 
0.831 ±0.030 






HFAG Average 

0.821 ± 0.018 (CL = 17.2%) 






HFAG Fit 

0.831 ± 0.018 (CL = 4.9%) 






1 HFAG-Tau ^^^^H 






Summer 2010 






i i i i i 






0.5 


1 



L3 1991 

0.410 ±0.1 20 ±0.030 

CLE01996 

0.41 7 ±0.058 ±0.044 

ALEPH 1998 [K° mode] 

0.294 ±0.073 ±0.037 

ALEPH 1999 [kJ 5 mode] 

0.347 ± 0.053 ± CT.037 

BaBar DPF09 

0.342 ±0.006 ±0.015 

PDG'09 Average 

0.360 ±0.040 

HFAG Average 

0.345 ± 0.015 (CL = 79.5%) 

HFAG Fit 

0.350 ± 0.015 (CL = 4.9%) 



HFAG-Tau 



Summer 2010 

i i L 



B(r->7t-K°v) [%] 



0.5 

B(r->7rn K°v)l% 



Figure 80: Measurements and average values of B{r 



71 



-K% T ) 



and B(t 



7T 7T 



• decays with r/: 

The measurements and average values of £>(r~ — > K~r]i> T ), B(r~ — > n~K r]is T ) and B(t~ — > 
K^ix^riv-j) are presented in Figure EU The content is determined from r~ — > 

7r~Kgr]i> T and r~ — > K^Ti°riv T decay modes. The measurements and average values 
for B(t~ — > K*~7]v T ) are also presented in Figure IHTl 

The measurements and average values of Bir~ — > 7i^7i i]i' T ) and B{r~ — > i\^i\^i\ Jr riv T 
(ex. K )) are presented in Figure 1821 

• decays with K*°: 

The measurements and average values for £>(r~ — > K~K*°v T ) are presented in Figure [831 
The Belle experiments also reports B(t~ K-K*°ir°is T ) = (2.39 ± 0.46 ± 0.26) x 
10 -5 |580j . which is the first measurement for this mode. 



9.3 Tests of Lepton Universality 

Tests of fi — e universality can be expressed as 

(ffrY = B(t~ -)• jTVyVr) f(m 2 Jm 2 T ) 

\gj " B(t~ -> e"^) /(m>?) ' 1 J 

where /(x) = 1— 8x+8x 3 — x 4 — 12x 2 logx, assuming that the neutrino masses are negligible |581j . 
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CLEO 1996 






2.60 ±0.50 + 0.50 






ALEPH 1997 






2.90 ♦jj°±0.70 






Belle 2009 






1.58 + 0.05 + 0.09 






PDG'09 Average 






1.61 + 0.10 






HFAG Average 






1.61+ 0.10 (CL = 24.0%) 






HFAG Fit 






1.61+ 0.10 (CL = 4.9%) 


l 
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B(r->K"Tiv) [x 10' 4 ] 



CLEO 1999 






1.77 ±0.56 + 0.71 






Belle 2009 






0.46 ±0.11 ±0.04 






PDG'09 Average 






0.48 ±0.12 






HFAG Average 






0.48 ± 0.12 (CL = 15.1%) 






HFAG Fit 


-•- 




0.49 ± 0.12 (CL = 4.9%) 
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I I I I ! ! I 



CLEO 1999 
2.20 ±0.70 ±0.22 






Belle 2009 

0.88 ±0.14 ±0.04 






PDG'09 Average 
0.93 ±0.15 






HFAG Average 

0.93 ± 0.15 (CL = 7.8%) 






HFAG Fit 

0.94 ± 0.15 (CL = 4.9%) 
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B(t _ -> 7T K tiv)[x1(T] 



CLEO 1999 




2.90 ±0.80 ±0.42 




Belle 2009 




1.34 ±0.12 ±0.09 




PDG'09 Average 


l-»H 


1.38 ±0.15 




HFAG Average 


l-»-H 


1.38 ± 0.15 (CL = 8.8%) 




HFAG Fit 




1.43 ± 0.19 (CL = 4.9%) 




HFAG-Tau Bggm 




Summer 2010 



B(r^K"7i u riv)[xl0 4 ] 



B(t^K(892)"tiv) [x 10 4 ] 



Figure 81: Measurements and average values of B{t — > K r]b> T ), B{r 
B(t~ -)■ K~ir rib> T ), and £>(r~ -)■ K*~r]i> T ). 
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CLEO 1992 






1.70 ±0.20 ±0.20 


1 




ALEPH 1997 






1.80 ±0.40 ±0.20 






Belle 2009 






1.35 ±0.03 ±0.07 






PDG'09 Averaae 


• 




1.38 ±0.09 (Scale Factor = 1.20) 






HFAG Average 






1 .38 ± 0.07 (CL = 31 .5%) 






HFAG Fit 






1.39 ± 0.07 (CL = 4.9%) 






1 HFAG-Tau ^^^^^H 






Summer 2010 










, 1 , 



CLEO 2001 


1 — 


2.30 ± 0.50 




BaBar 2008 




1.60 ±0.05 ±0.11 




PDG'09 Average 


1— 9-\ 


1.64 ±0.12 




HFAG Average 




1.64 ± 0.12 (CL = 17.4%) 




HFAG Fit 




1.50 ± 0.10 (CL = 4.9%) 
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B(r->7T 7T°r| v) [x 11T 3 ] 



B(t -> 7iX7i + r|v (ex.K )) [x 10~ 4 ] 



Figure 82: Measurements and average values of £>(r — > n 7i°r]u T ) and 
B(t~ — > 7T _ 7r _ 7r + ?7z/ T (ex. K )). 



ARGUS 1995 
0.200 ±0.050 ±0.040 

ALEPH 1998 
0.21 3 ±0.048 

Belle ICHEP08 
0.156 ±0.002 ±0.009 

PDG'09 Average 
0.210 ±0.040 

HFAG Average 

0.159 ±0.009 (CL = 41.0%) 



HFAG-Tau 



Summer 2010 







0.1 



I — 9 — I 



0.2 



B(r^K"K(892) u v) [%] 

Figure 83: Measurements and average values of B(t~ — > K~ K* u T ). 
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From the unitarity constrained fit, we obtain £>(r — > // u^u t )/B{t — > e z/ e z/ T ) = 0.9762 ± 
0.0028, which includes a correlation co-efficient of 18.33% between the branching fractions. This 
yields a value of (jj^ — 1-0019 ± 0.0014, which is consistent with the SM value. 

These predictions from r decays are more precise than the other determinations: 

• We average the measurements of B{it — > ev e {pf)) / B{ii — > ^^(7)) = (1.2265 ± 0.0034 (stat) 
± 0.0044 (syst)) x 10" 4 from TRIUMF [5g2] and = (1.2346 ± 0.0035 (stat) ± 0.0036 
(syst)) x 10" 4 from PSI [2H3], to obtain a value of (1.2310 ± 0.0037) x 10" 4 . Comparing 
this with the prediction of (1.2352 ± 0.0001) x 10~ 4 from recent theoretical calcula- 
tions [581], we obtain a value of fag) = 1.0017 ± 0.0015. 

• The ratio B{K — > ev e {pf)) / B(K — > ^^(7)) has recently been measured very precisely by 
the KLOE |585] and the NA62 |586j collaborations. Using the new world average value of 
(2.487 ± 0.012) x 10~ 5 from Ref. [587], and the predicted value of (2.477 ± 0.001) x 10~ 5 

from Ref. [583, we obtain = 0.9980 ± 0.0025. 



From the report of the FlaviaNet Working Group on Kaon Decays [588J, we obtain 
= 1.0010 ± 0.0025 using measurements of BiK — > 7TfiV)/B(K — > 7reV). 



From the report of the LEP Electroweak Working Group [589j . we obtain = 0.997 ± 
0.010 using measurements of B{W —> jiV^)/B{W — > eu e ). 



Tau-muon universality is tested with 

' g T \ 2 B(t hv T ) 2m h mlT h fl - m 2 Jml 



g^J B(h -> pun) (1 + 5 h )m*T T \1 - m 2 h /m 2 T 



(227) 



where h = n or K and the radiative corrections are 5^ = (0.16 ± 0.14)% and 5k = (0.90 ± 
0.22)% [59Q1 1591j 1592] . Using the world averaged mass and lifetime values and meson decay 

rates [5J and our unitarity constrained fit, we determine = 0.9966 ± 0.0030 (0.9860 ± 

0.0073) from the pionic and kaonic branching fractions, where the correlation co-efficient be- 
tween these values are 13.10%. Combining these results, we obtain j = 0.9954 ± 0.0029, 
which is 1.6 a below the SM expectation. 

We also test lepton universality between r and fi (e), by comparing the averaged electronic 
(muonic) branching fractions of the r lepton with the predicted branching fractions from mea- 
surements of the r and /1 lifetimes and their respective masses [5], using known electroweak and 

radiative corrections [590]. This gives OjA = 1.0011 ± 0.0021 and (f \ = 1.0030 ± 0.0021. 

The correlation co-efficient between the determination of (^y^j from electronic branching frac- 
tion with the ones obtained from pionic and kaonic branching fractions are 48.16% and 21.82%, 
respectively. Averaging these three values, we obtain — 1-0001 ± 0.0020, which is consis- 
tent with the SM value. In Figure Ell we compare these above determinations with each other 
and with the values obtained from W decays [589J. 
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LEP EW WG (W -> p. v^)/(W -> e v e ) J 




0.9970 ±0.0100 




FlaviaNet (K -> n \i v^/fK -> 71 e v e ) ^ 
1.0010 ±0.0025 


H 


NA62, KLOE (K -> (i v^)/(K -> e v e ) ^ 
0.9980 ± 0.0025 




TRIUMF, PSI (71 — » (j. v p )/(7i — > ev e ) [ 
1.0017 ±0.0015 




HFAG Fit (t — > (j, v T )/(t — » e v e v T ) 
1.0019 ±0.0014 




■ HFAG-Tau ■ 
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LEP EW WG (W — > x v t )/(W |i v,J 
1.0390 ±0.0130 




HFAG Fit (T^ev, v T ) x ij\ 
1.0011 ±0.0021 




HFAGFit(T^7iv T )/(7i^nv K ) ^ 
0.9966 ± 0.0030 




HFAG Fit (t K vJ/(K n v,,) 
0.9860 ± 0.0073 




HFAG Average (c -> 7t v x , K v t ) ^ 
0.9954 ± 0.0029 




HFAG Average fr->ev e v T , 71 v T , K v T ) 1 
1.0001 ±0.0020 
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LEP EW WG (W — > x v t )/(W e v e ) 




1.0360 ±0.0140 




HFAG Fit (t |i v M vj x 




1.0030 ±0.0021 




HFAG-Tau ■ 




Summer 2010 





0.9 0.95 1 

Ig/gJ 

;ure 84: Measurements of lepton universality from W, kaon, pion and tau decays. 
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9.4 Measurement of \V US \ 

We describe 3 extractions for \V US \ using B{j~ — > K~v T ), B(t~ — > K~v t )/B{t~ — > ix~v T \ and 
inclusive sum of r branching fractions having net strangeness of unity in the final state: 



We use the value of kaon decay constant fx = 157 ± 2MeV |548j . and our value of 
B(r- K~u r ) = G ^ |K j 2m ^ (l-^Xst 



>EWi 



where S EW = 1.0201 ± 0.0003 [593], to determine \V US \ = 0.2204 ± 0.0032 from results 
of the unitarity constrained fit. This value is consistent with the estimate of \V US \ = 
0.2255 ± 0.0010 obtained using the unitarity constraint on the first row of the CKM 
matrix. 

We use f K /f n = 1.189 ± 0.007 [ME], \V ud \ = 0.97425 ± 0.00022 [593], and the long- 
distance correction 5ld = (0.03 ± 0.44)%, estimated |595j using corrections to r — > hv T 
and h \iVy_ [5901 EEO [5921 [596], for the ratio 



B(t~ -> K-v T ) p K \V % 



UH I 



II -4 



B(r-^n-u T ) f%\V Ul 



|2 



1 _ '"'i 

mi 



ud\ / 1 m. 



where short-distance electro-weak corrections cancel in this ratio. 

From the unitarity constrained fit, we obtain B[r~ — > K~v t )/B(t~ — > 7i~v T ) = 0.0644 ± 
0.0009, which includes a correlation co-efficient of —0.49% between the branching frac- 
tions. This yields \V US \ = 0.2238 ± 0.0022, which is also consistent with value of jV^I 
from CKM unitarity prediction. 

The total hadronic width of the r normalized to the electronic branching fraction, i?had — 
£>had/£>e, can be written as Rhad = -Rnon-strange + -^strange- We can then measure 



I Vus I \ / -Rstrange / 



-^non-strange r- j-, 

- on 



\V. 



ud 



2 



theory 



(228) 



Here, we use \ V ud \ = 0.97425 ± 0.00022 [593], and ^theory = 0.240 ± 0.032 [597] obtained 
with the updated average value of m s (2GeV) = 94 ± 6 MeV [598] . which contributes to 
an error of 0.0010 on \V US \. We note that this error is equivalent to half the difference 
between calculations of \V US \ obtained using fixed order perturbation theory (FOPT) and 
contour improved perturbation theory (CIPT) calculations of 5i? t heor y [599] . and twice as 
large as the theoretical error proposed in Ref. [600J. 

As in Ref. [601] . we improve upon the estimate of electronic branching fraction by averag- 
ing its direct measurement with its estimates of (17.899 ± 0.040)% and (17.794 ± 0.062)% 
obtained from the averaged values of muonic branching fractions and the averaged value of 
the lifetime of the r lepton = (290.6 ± 1.0) x 10~ 15 s [5j, assuming lepton universality and 
taking into account the correlation between the leptonic branching fractions. This gives 
a more precise estimate for the electronic branching fraction: B^ m = (17.852 ± 0.027)%. 
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Assuming lepton universality, the total hadronic branching fraction can be written as: 
Shad = 1 — 1.972558 i3" m , which gives a value for the total r hadronic width normalized 
to the electronic branching fraction as -Rhad = 3.6291 ± 0.0086. 

The non-strange width is -R n on-strange = -Rhad — -Estrange, where the estimate for the strange 
width -Rstrangc = 0.1613 ± 0.0028 is obtained from the sum of the strange branching 
fractions with the unitarity constrained fit as listed in Table 11651 This gives a value of 
\V US \ = 0.2174 ± 0.0022, which is 3.3 a lower than the CKM unitarity prediction. 

A similar estimation using results from the unconstrained fit to the branching fractions 
gives \V US \ = 0.2166 ± 0.0023, which is 3.6 a lower than the CKM unitarity prediction. 
Since the sum of base modes from our unconstrained fit is less than unity by 1.6 a, instead 
of using i3 non _ stran gc = 1 - Sieptonic - i3 stran ge, we also evaluate \V US \ from the sum of the 
averaged non-strange branching fractions. This gives \V US \ = 0.2169 ± 0.0023, which is 
3.5 o lower than the CKM unitarity prediction. 
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Figure 85: Measurements of \V US \ from kaon, hyperon and tau decays. 

Summary of these \V US \ values are plotted in Figure 1851 where we also include values from 
kaon decays obtained from Ref. |588] and from hyperon decays obtained from Ref. [602J. 

9.5 Search for lepton flavor violation in r decays 

The status of searches for lepton flavor violation in r decays is summarized in Figure |86j A 
table of these results and the corresponding references are provided on the HFAG web site 

http : //www . slac . Stanford . edu/ xorg/hf ag/tau/HFAG-TAU-LFV . htm. 
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90% C.L. Upper limits for LFV x decays 
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Figure 86: Status of searches for lepton flavor violation in r decays. 
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10 Summary 



This article provides updated world averages for fe-hadron properties at least through the end 
of 2009. Some results that appeared in the spring of 2010 are also included. A small selection 
of highlights of the results described in Sections ISH is given in Tables 11661 and 11671 

Concerning lifetime and mixing averages, the most significant changes in the past two years 
are due to new results from the Tevatron experiments, mainly measurements of 6-baryon life- 
times and searches for CP violation in B° s mixing. While D0 has measured a like-sign dimuon 
asymmetry deviating by 3.2 a from the SM, the latest results on the CP-violation phase in 
B° s — > J I ip(f) no longer show any hint of New Physics. On the other hand, averaging procedures 
for the 6-hadron production fractions have been improved: for the first time we obtain a set 
of fractions based on Tevatron measurements only, and we also extract the fraction of T(5S) 
decays to B° s pairs taking into account decays without open-bottom mesons. 

The measurement of sin 2(3 = sin 20! from b — > ccs transitions such as B° — > J/ipK® has 
reached < 4% precision: sin 2(3 = sin20i = 0.673±0.023. Measurements of the same parameter 
using different quark-level processes provide a consistency test of the Standard Model and allow 
insight into possible new physics. Recent improvements include the use of time- dependent 
Dalitz plot analyses of B° — > K° S K + K~ and B° — > K®it + tt~ to obtain CP violation parameters 
for 4>K®, fo(980)K® and pK° s . All results among hadronic b — > s penguin dominated decays 
are currently consistent with the Standard Model expectations. Among measurements related 
to the Unitarity Triangle angle a = 02, updates of the parameters of the pp system now allow 
constraints at the level of ~ 6°. Knowledge of the third angle 7 = 3 also continues to improve. 
Notwithstanding the well-known statistical issues in extracting the value of the angle itself, the 
world average values of the parameters in B — > DK decays now show a significant direct CP 
violation effect. 

Concerning D°-D mixing, three experiments have now found evidence for this phenomenon: 
Belle, BABAR, and CDF. These measurements and others (made by Belle, BABAR, CLEO, FNAL 
E791, FNAL E831) are combined to yield World Average (WA) values for mixing parameters 
x and y, and for CPV parameters \q/p\ and 0. From this fit, the no-mixing point x = y = is 
excluded at 10.2a. The parameter x differs from zero by 2.5a, and y differs from zero by 5.7a. 
Mixing at this level is presumably dominated by long-distance processes, which are difficult to 
calculate. Thus, it may be difficult to identify new physics from mixing alone. The WA value 
for the observable y CF is positive, which indicates that the CP-even state is shorter-lived as in 
the K°-K° system. However, x also appears to be positive, which implies that the CP-even 
state is heavier; this is unlike in the K°-K° system. There is no evidence yet for CPV (either 
direct or indirect) in the D°-D° system. 
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Table 166: Selected world averages at the end of 2009 from Chapters [3] and HI 



b-hadron lifetimes 




r(B°) 


1.518 ±0.007 ps 


r(B+) 


1.641 ± 0.008 ps 


r(B° s ) = 1/T S 


1.477tffi ps 


r(B+) 


0.461 ± 0.036 ps 


r(A° b ) 


1.425 ± 0.032 ps 


t{E\j) (mean) 


l-49ial8 PS 




1.13±°;i p S 


b-hadron fractions 




f+-/fo in r ( 45 ) decays 


1.052 ±0.028 


f s in T(5S) decays 


0.202 ±0.036 


f s , /baryon in Z decays 


0.103 ±0.009, 0.090 ±0.015 


fs, /baryon at Tevatron 


0.111 ± 0.014, 0.211 ± 0.069 


B° and B® mixing / CPV parameters 




Am d 


0.508 ± 0.004 ps- 1 


\q/p\d 


1.0024 ±0.0023 


Am s 


17.78 ± 0.12 ps -1 


Ar s = r L - r H 


±0.0491°;°! ps" 1 


i / i 

\q/p\s 


1.0044 ± 0.0029 


cj) s = -2(3 S (90% CL range) 


[-1.20, -0.45] U [-2.72, -1.99] 


Measurements related to Unitarity Triangle angles 




sin2/3 = sin2(/> 1 


0.673 ±0.023 


P = <h 


(21.1 ±0.9)° 




. . i n 1 1 
-0.18 


-r)Sr,'K° 


0.59 ± 0.07 




0.74 ±0.17 




-0.16 ±0.22 




-0.65 ±0.07 




-0.38 ±0.06 


Sp+p- 


-0.05 ±0.17 




-0.040 ±0.010 


A GP (B^D CP+ K) 


0.24 ±0.07 
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Table 167: Selected world averages at the end of 2009 from Chapters [5HHJ 



Semileptonic B decay parameters 




B(B° -> D + £ v) 


(2.17 ± 0.12)% 


B(B ->■ £> u ^ i/) 


(2.23 ± 0.11)% 




(42.3 ± 1.5) x 10 6 


\V cb \ from i3(B u -)■ L> + £ j/) 


(39.2 ±1.4 exp ±0.9 th eo) x 10 d 


JO / 7~>0 7 ~\ J; _|_ ft \ 

B(B [> — > D* + i v) 


(5.05 ± 0.12)% 


B(B -)■ _D* U £ i/J 


(5.63 ± 0.18)% 


iKbl ^(1) 


(36.04 ± 0.52) x 10 6 


IV^I from £(£?° -»■ D* + tV) 


(38.9 ±0.6 cxp ± 1.0^) x 10- 3 


B(B -> tt£z7) 


(l.36± 0.05 ±0.05) x 10~ 4 


|VJ from B(.B ->■ 7r£z/) 


(3.05-3.73) x 10" 3 


Rare B decays 




A C p( J B° ->■ K+-K-) - A C p(B + ->■ i^ + 7T°) 


-0.148™ (5-3 a) 


-)■ r+z/) 


(l.67± 0.39) x 10" 4 


£>° mixing and CPV parameters 




a; 


(0.59 ±0.20)% 


y 


(0.80 ±0.13)% 




(-2.0 ± 2.4)% 


1 / 1 




„ _ ^ _Lf) 1 Q 

0.91 till 

(-10.0 ijj;?) 


r parameters, Lepton Universality, and |V^ S | 




m T (MeV/c 2 ) 


1776.77 ±0.15 




1.0019 ±0.0014 




1.0001 ±0.0020 


9r/9e 


1.0030 ±0.0021 


\V US \ from B(t~ ->■ K~v T ) 


0.2204 ±0.0032 


\V US \ from i3(r~ -> K~v t )/B(t~ -> 7r~z/ T ) 


0.2238 ± 0.0022 


Vus| from inclusive sum of strange branching fractions 


0.2174 ± 0.0022 
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